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ABSTRACT 
A series of p-XC6F4CNSSN radicals were prepared (X = Cl, Br) and polymorphs of each 
were discovered crystallographically. A comparison of the solid state structure of each 
was done to determine the supramolecular synthons dictating these new structures. 
Thermodynamic arguments have been proposed as to why these polymorphs form 
under the conditions they are isolated at. The magnetism of p-IC6F4CNSSN was also 
investigated and compared to its isomorphous radical, α-p-BrC6F4CNSSN. 
A new theory for forming ferrimagnetic materials is proposed. Radical co-crystals of 
TEMPO and RCNSSN radicals have been synthesized as a proof of concept and 
demonstrate the potential of this theory to yield organic magnetic materials. The 
cocrystal solid state structures were analyzed, and a qualitative hierarchy of 
supramolecular synthons was identified to illustrate the driving forces behind these 
structures.  
Metal complexes of the form Pd3(RCNSSN)2(PR3)4 have been synthesized. The effect of 
phosphine steric bulk and structural flexibility, alongside the electronic nature of the R 
group, is investigated.  
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Chapter 1  Introduction 
1.1  An Introduction to Radicals 
Radicals can be defined as organic (i.e. non-metal containing) compounds which 
contain one or more unpaired electrons. These molecules tend to be inherently 
unstable due to the propensity for their radical electrons to pair to form a chemical 
bond. Radicals have long existed in the natural world and are exemplified by simple 
long-lived molecules such as nitrous oxide (NO) and dioxygen (O2). Short-lived radicals 
take an important role in many biological processes too such as signalling and redox 
reactions and nature has developed an assortment of free-radical scavengers to 
moderate the concentrations of such reactive species. The first synthetic organic radical 
was discovered only in 1900.  In the time since then, the field of radical chemistry has 
expanded to encompass a variety of fields including, but not limited to, 
magnetochemistry,1-3 molecular conductors2, 4 and switches,5 and spintronics.6, 7 The 
following introduction to radicals will provide background on the discovery of the free 
radical, and build outward into the different families of stable radicals present to day 
from the context of stabilising what are generally considered to be very reactive 
molecules. 
The first radical was prepared by Moses Gomberg at the University of Michigan in 
1900 when he treated trityl chloride, Ph3Cl, with Zn or Ag.
8 This reaction resulted in a 
highly coloured solution of the triphenylmethyl radical 1, frequently referred to as 
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Gomberg’s radical (Figure 1.1), which he proposed to be the first example of trivalent 
carbon. Gomberg found that 1 easily reacted with O2 (a di-radical) when exposed to air 
to form the peroxo-bridged species 2, and in the solid state would even dimerize. 
Several structures were proposed for the dimerization process including head-to-head 
(3, proposed by Heintschel9, 10) and head-to-tail fashion (4, proposed by Jacobson.11 The 
latter was verified in 1968 by Lankamp.12 The reactivity of Gomberg’s radical exposed 
the first major hurdle in producing persistent radicals: preventing the radical centre 
from either reacting with itself through dimerization or with other small molecules, 
quenching the radical paramagnetism.  
 
Figure 1.1: The synthesis and reactivity of Gomberg radical 1 
The radical’s ability to delocalise from the central carbon centre to the phenyl 
ring (ortho and para sites) facilitated dimerization and one proposed potential strategy 
to inhibit dimerization in Gomberg’s radical via formation of 3 or 4, was to (i) replace the 
phenyl rings by bulky alkyl derivatives which do not support radical delocalization or via 
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steric protection of the para (and ortho) site of the phenyl groups of 1.13 The first 
strategy resulted in the discovery of a variety of Gomberg-like systems in which the 
substitution of Ph groups by tBu14 or iPr15 groups allowed for the isolation of solution-
stable radicals. Alternatively replacement of the phenyl groups by perchloroaryl 
substituents also proved successful and many derivatives of the 
perchlorotriphenylmethyl (PTM) radical, (C6Cl5)3C
•, have been described. In these 
systems, the ortho and para substitution of chlorine onto the phenyl groups results in a 
significant torquing of the phenyl ring out of the plane of the radical carbon, and as such 
results in the complete blocking of the delocalisation of the radical onto the phenyl ring 
but also the complete steric blocking of the radical centre to outside substrates as 
shown in Figure 1.2.16 This enhanced stability 
 
Figure 1.2: Space-filling crystal structure of the PTM radical.  
Non-protecting chlorines are shown in green, radical-protecting o-chlorines are 
shown in red, and the methyl radical is shown in yellow. 
means that PTM radicals are only sensitive to visible light, and both PTM and other 
ortho-substituted trityl radicals could be used for a variety of spin-active applications. 
For example, PTM radicals have the ability to undergo reversible oxidation and 
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reduction processes to the corresponding anion and cation17, 18 along with being good 
electron acceptors, and as such they have found applications in donor-acceptor 
materials,19-21 molecular wires,22, 23  and molecular switches.24 Furthermore, the stability 
of PTM radicals permitted them to be used as building blocks for high spin organic 
molecules through the formation of dendrimers, although only up to the tetraradical 
species can be isolated cleanly, after which magnetic impurities become present.25 PTM 
radicals and other substituted trityl-based radicals have also found applications in 
redox-active fluorescent probes and surfaces,26-28 radical light emitters,29-46 and radical-
based MOFs.47 
While the strategy of sterically stabilising radicals has shown success, a second 
strategy for radical stabilisation involves allowing for radical delocalisation across atom 
centres. This strategy results in less localisation of the radical at any particular site on a 
molecule, thereby decreasing the propensity for dimerisation due to limited overlap 
between singly occupied molecular orbitals (SOMOs). This strategy for stabilisation gave 
rise to the family of radicals centred on polyaromatic hydrocarbons, such as the 
phenalenyl radical (PLY, Figure 1.3). This radical is the smallest in an ever-growing series 
of polyaromatic hydrocarbon-based radicals which have been extensively reviewed.48 
While the phenalenyl was only isolated at low temperatures when it was discovered, the 
radical was found to be stabilised by increasing the π-conjugation in larger polyaromatic 
systems49, 50 or by the addition of steric protection at sites of spin density at the 
molecular periphery which prevent dimerization via σ-bond formation, as shown in 
Figure 1.3 by the 2,5,8-(tBu)3PLY (TBPLY).
51  
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Figure 1.3: A prototypical example of a phenalenyl radical TBPLY  
TBPLY (left), which forms pancake dimers with short contacts of 3.25 Å (middle, 
right) 
Interestingly, this family of radicals demonstrated an alternative dimerization process by 
forming multi-centre π- π interactions between the SOMOS of each molecule, a 
phenomenon which has since been coined “pancake bonding” and will be discussed in 
Section 1.3. The efficient nature of the electronic interaction between π-stacked SOMOs 
led Haddon to propose that such π-delocalized radicals may be used to build radical 
conductors.4  In a long-standing collaboration with synthetic Canadian chemist Oakley 
(at Waterloo), this pair examined the solid state structures of many stable π-radicals 
containing heteroatoms such as N, O, S and Se and their solid state electronic properties 
(conductivity or magnetism) arising from radical∙∙∙radical communication. The inclusion 
of these heteroatoms into π-delocalised systems decreases the energy of the SOMO due 
to the heteroatoms’ electronegativity, such that when coupled with electron 
delocalisation the radicals formed from these heterocyclic systems display remarkable 
stability in both solution and the solid state.52 Combinations of π -delocalisation, 
heteroatom incorporation and steric protection are now established protocols for 
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generating stable radical centres and include families of stable radicals such as nitroxide, 
nitronyl nitroxide, and verdazyl radicals (Figure 1.4). Nitroxides and nitronyl nitroxides 
are a similar family of radicals demonstrating delocalisation across nitrogen and oxygen 
and generally containing some form of moderate steric protection. Their extreme air 
stability has resulted in their use in a variety of material applications such as redox flow 
batteries,53-57 fluorescent probes,58-62 EPR spin traps,63 and DNP polarizing agents.64-66 
Verdazyl-type radicals also demonstrate remarkable stability in air, and have been 
studied as fluorescent probes,67 radical polymers,68 organic magnets,69, 70 and photo-
excited spin-switches.71, 72 Nitroxide, nitronyl nitroxide and verdazyl radicals have been 
extensively studied as building blocks for magnetic materials using the metal-radical 
approach which uses efficient magnetic communication between the radical electron 
and the unpaired d or f-based electrons of transition metals and lanthanide ions.73-75 For 
example, nitronyl nitroxides were first successfully used as bridging ligands between 
metal centres and demonstrated efficient magnetic coupling along metal-radical 
chains.76-78 Verdazyl radicals have also been used as bridging ligands for metal-radical 
chains, demonstrating coupling between radical and metal but no long range order.79 
This metal-radical strategy of forming magnetic materials has yielded some great 
results, such as the formation of Co(hfac)2·BPNN  chains with a 52 kOe coercivity,
80 and 
cobalt bisnitroxide chains demonstrating the highest Tc for a metal-radical complex with 
a Tc = 20 K.
81 
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Figure 1.4: Some common heterocyclic radicals  
(i) nitronyl nitroxide, (ii) TEMPO, (iii) verdazyl 
While the metal-radical approach to magnetic materials certainly demonstrates a 
strategy to obtain magnetic materials, self-organisation of radicals within the crystalline 
state represents a strategy to obtain purely organic magnetic materials. These represent 
a fundamental departure from conventional magnetic materials which are all based on 
electrons of d- or f-block metals. Such π-based organic radicals remained elusive until 
the report by Kinoshita of bulk ferromagnetism in the β-phase of the p-nitrophenyl α-
nitronyl nitroxide radical at Tc = 0.6 K.82 Since then many more examples of solid state 
organic radical magnets have been reported and have led to improvements in TC, with 
the [C60][TDAE] charge transfer salt ordering as a ferromagnet at Tc = 16 K,
83 and the 
diradical N,N′-dioxy-1,3,5,7-tetramethyl-2,6-diazaadamantane ordering as a 
ferromagnet at Tc = 1.6 K.
84 Most recent technological advancements in the field of 
organic radical magnets has derived from another family of organic radicals, the thiazyl 
radical containing S/N-based building blocks and their heavier selenazyl (Se/N) 
analogues.  
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Thiazyl radicals grew out of a renaissance in Main Group sulfur-nitrogen 
chemistry in the 1980s after the discovery of the conducting and superconducting 
properties of the polymer (SN)x.
85-88 Although the properties of (SN)x could be modified 
by doping, the structure inherently lacked potential for functionalization. Based on the 
isolobal relationship between RC, N and S+, Hoffman proposed that incorporation of 
carbon atoms into the (SN)x framework could provide an opportunity to chemically tune 
both the electronic and physical properties such as solubility) of (SN)x.
89, 90 Attempts to 
prepare (C/N/S)x chains were largely unsuccessful but afforded a series of stable 
molecular redox-active species from which heterocyclic C/N/S radicals could be 
identified and often isolated (Figure 1.5). Initial studies on thiazyl radicals by Banister 
(UK), Mews and Roesky (Germany), Oakley (Waterloo), Passmore (UNB), and Chivers 
(Calgary) focused on fundamental structural variations and their effect on radical 
stability, bonding, dimerization and reactivity of thiazyl radicals.5, 91 Yet, in the past 30 
years these radicals have emerged as alternative building units for the design of 
advanced materials for molecular conductors, magnets, and a variety of other physical 
phenomena.2, 92 
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Figure 1.5: The family of Thiazyl radicals related by the isolobal analogy 
This thesis focuses primarily on one member of this family of thiazyl radicals, the 
1,2,3,5-dithiadiazolyl (DTDA) radical (shown in Figure 1.5), and the remainder of this 
chapter will review the chemistry and physical properties of DTDAs along with their solid 
state structure-function relationships and advancements in their material applications 
over the past 20 years since the last comprehensive review (1995).91  
1.2  Dithiadiazolyl (DTDA) Radical Synthesis 
The first report of the DTDA heterocycle came in 1977 when Banister reported the 
reaction of tBuCN with two equivalents of thiazyl chloride (NSCl) to yield the 
dithiazolium salt [tBuCNSSN][Cl].93 While this approach was subsequently utilised for the 
synthesis of other DTDAs,94, 95 rapid progress in the field of DTDA chemistry really 
originated with two versatile synthetic methods to this heterocycle. The first method 
involves the condensation of an amidine hydrochloride, [RC(=NH)NH]·HCl, with SCl2 to 
form the formally 6π aromatic dithiadiazolylium chloride salt, [RCNSSN]Cl. This was first 
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employed by Banister, who reacted benzamidine hydrochloride, [PhC(=NH)NH2] HCl, 
with two equivalents of SCl2 to form orange crystals of [PhCNSSN]Cl in 20% yield.
94 This 
method, or variations on it, has contributed to the syntheses of most DTDA radicals and 
was accelerated by Oakley’s report of a facile method to prepare amidines from the 
corresponding nitrile and Li[N(SiMe3)2] (Figure 1.6).
96 The large range of commercial 
nitriles provide an efficient pool for exploring DTDA derivative chemistry. This method 
does have limitations. In particular (i) nitriles with labile α-protons readily undergo 
deprotonation in the presence of basic Li[N(SiMe3)2] rather than nucleophilic attack at 
the nitrile and (ii) sterically-protected nitriles show little reactivity towards Li[N(SiMe3)2].  
 
Figure 1.6: The synthesis of DTDAs from nitrile precursors 
Due to these limitations, an alternative method for DTDA synthesis was utilised for more 
sterically hindered substrates like tris-trifluoromethylbenzene. In this second method, 
lithiation of the aromatic substrate is followed by a reaction with Me3SiN=C=NSiMe3 to 
yield the key amidinate, [RC(NSiMe3)2]
-. Subsequent reaction with SCl2 affords the DTDA 
chloride salt (Figure 1.7).97 The only precaution taken in this second method is the 
careful use of one equivalent of the carbodiimide, given that any excess 
Me3SiN=C=NSiMe3 will react with SCl2 to form [ClCNSSN][Cl], which generates ClCNSSN 
upon reduction and can lead to product contamination.98 
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Figure 1.7: The synthesis of DTDAs from brominated precursors 
Upon obtaining the chloride salt [RCNSSN][Cl], one electron reduction affords the 7π 
DTDA radical. The most common reducing agents include triphenylantimony, silver 
powder, zinc powder, and zinc/copper couple, with preferred solvents being THF, 
MeCN, DCM or SO2.
91 Ph3Sb has been the most utilised due to its ability to work under a 
variety of conditions and has been used for solvent-free synthesis in which reduction 
occurs in molten Ph3Sb at 70 °C.
99 Ph3Sb is also the reductant of choice when the DTDA 
radical is sparingly soluble since both unreacted Ph3Sb and the Ph3SbCl2 side product can 
be readily removed by washing.100 The final step in the DTDA radical synthesis is 
purification, which is generally done by vacuum sublimation. 
1.3  Electronic Structure of DTDAs 
Calculations have revealed that the singly occupied molecular orbital (SOMO) of the 
DTDA radical is a low-lying π* orbital localized on the sulfur and nitrogen atoms,91 and 
the delocalisation over these electronegative atoms. The orbital is an antibonding MO of 
a2 symmetry with respect to nitrogen and sulfur and nodal at carbon (Figure 1.8). The 
nodal character of the DTDA ring at the substituent means that the R group has little 
effect on the electronics.  
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Figure 1.8: The SOMO of the 7π DTDA radical 
The nature of the DTDA SOMO is supported by EPR spectroscopy, where DTDA radicals 
display a simple 1:2:3:2:1 pentet due to hyperfine coupling to two equivalent nitrogen 
nuclei (14N, I = 1, aN ≈ 5 G) and a solution g-factor, giso ≈ 2.01. These values do not 
change significantly with substituent due to the absence of spin leakage associated with 
the nodal plane at carbon. In selected cases additional hyperfine coupling to 
substituents has been observed, e.g. the p-O2NC6F4CNSSN radical exhibits 
superhyperfine coupling to two ortho F atoms.101,102 While EPR can give estimates of the 
spin distribution associated with spin-active nuclei, polarised neutron diffraction (PND) 
experiments can map the experimental electron density distribution across the entire 
molecule. Indeed PND studies on p-O2NC6F4CNSSN (Figure 1.9) verified the localised 
nature of the spin density on the DTDA heterocycle. These studies revealed positive spin 
density (α spin density) on the sulfur and nitrogen atoms but with regions of no α spin 
density between these atoms, consistent with an antibonding orbital. Small regions of 
negative (β) spin density is located in those regions where there is a formal node, i.e. 
along both S-S and S-N bonds and also at the nodal carbon. The additional α spin 
perturbs the energy of lower-lying pairs of α and β spins with less repulsion between 
pairs of α spins (coparallel alignment) and more repulsion for β-spins based on Hund’s 
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Law of maximum multiplicity. Quantum mechanically, since the energies of the α and β 
spins slightly differ, then the wavefunctions for α and β spins differ [Ĥ( = E()]. This 
results in the α-spins having slightly larger coefficients on the N and S atoms associated 
with the SOMO (Fig. 8) whereas the β-spins, which feel greater repulsion, reduce their 
coefficients on N and S atoms slightly and increase the coefficients where the SOMO 
exhibits a nodal plane, i.e. on the C atom and in regions bisecting S-S and S-N bonds. The 
net result is a positive ‘α’ spin density distribution of slightly more than 100% on N 
(24%) and S (28%) and approximately 5% negative ‘β’ spin density on C and other areas 
(Figure 1.9). The localization of the majority of the spin density on the DTDA ring results 
in the facile substitution of different R groups to modulate crystal packing without 
significantly changing the electronics of the DTDA radical. 
 
Figure 1.9: Projection of the calculated spin density distribution of p-O2NC6F4CNSSN  
(left) Projection onto the DTDA ring plane; (right) projection perpendicular to 
the DTDA ring plane (Figure adapted with permission from ref. 101) 
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1.4  DTDA Structures 
1.4.1  DTDA Dimer Formation 
 The primary structure directing motif in solid state DTDA radicals is the 
formation of a diamagnetic DTDA dimer via a multicentre pancake bond between 
SOMOs, a phenomenon that has long been observed in π-delocalised radicals.103 EPR 
solution studies of this dimerization process have estimated the dimerization energy  
ΔHdim to be approximately -35 kJ mol
-1,104-107 which is in a similar energy range as some 
hydrogen bonds and π stacks. However, due to the a2 symmetry of the DTDA SOMO, 
multiple modes of dimerization are possible, of which cis-cofacial, twisted, trans-
cofacial, trans-antarafacial and edge-to-face have been reported (Figure 1.10).  
 
Figure 1.10: Modes of DTDA dimerisation and common structure-directing 
intermolecular S···N contacts 
(top) modes of DTDA dimerisation are a) cis-cofacial, b) twisted, c) trans-
cofacial, d) trans-antarafacial, and e) edge-to-face; (bottom) structure-directing 
S…N contacts I-IV 
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These modes of dimerization are generally dictated by steric demands, where sterically 
unencumbered R groups tend to associate in a cis-cofacial fashion, whereas more 
sterically demanding groups tend toward other motifs which allow for greater 
separation of R group functionalities. Furthermore, the polarised nature of the S—N 
bond and the soft nature of the sulfur atoms in the heterocycle allow for multiple 
modes of dimer self-recognition. These contacts were classified by Rawson according to 
four common sets of association seen in the solid state, labelled as SN-I, SN-II, SN-III, 
SN-IV (Figure 1.10). SN-I and SN-IV are structurally similar but differ in the relative C-R 
orientations (~ 60o in SN-I and the two DTDA ring planes need not be near coplanar, 
whereas SN-IV has the two ring planes near coplanar and the C-R orientations are ca. 
90o).  
1.4.2  Structures of XCNSSN (X = H, F, Cl, Br) 
DTDAs with the formula XCNSSN are structurally the simplest in regards to their 
substituents, yet show a significant amount of structural diversity. The HCNSSN radical 
crystallises in two polymorphs depending on whether the crystals are sublimed in an 
atmosphere of argon or nitrogen.108, 109 Both structures consist of cis-oid dimers forming 
π-stacks, while each of these stacks are connected by inter-dimer SN-I contacts to form 
layers of DTDA dimers (Figure 1.11a). FCNSSN forms similar stacks, however the stacks 
interact via SN-II contacts in addition to the SN-I contacts observed in HCNSSN (Figure 
1.11b).110 ClCNSSN forms 5 different polymorphs, comprising cis-oid dimers (α and γ 
forms) and twisted dimers (β, δ and ε polymorphs) reflecting the increasing bulk of the 
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halogen.98, 110 This observation is also reflected in the structural studies on BrCNSSN 
which also crystallises as a twisted dimer,110 as do other sterically demanding groups 
such as CF3CNSSN,
111 Me2NCNSSN,
112 MeCNSSN,113 and adamantyl-CNSSN.114 
Irrespective of the cis or twisted conformations, these dimers tend to exhibit SN-I and 
SN-II type interactions as structure-directing synthons.  
 
Figure 1.11: Crystals structures of HCNSSN, FCNSSN, and BrCNSSN demonstrating SN 
contacts 
(a) Sheets of HCNSSN dimers connected by SN-I interactions; (b) mixed SN-I and 
SN-II contacts formed in FCNSSN sheets; (c) SN-IV contacts observed between 
BrCNSSN heterocycles 
1.4.3  Structures of ArCNSSN: the effect of halogens and heterocycles 
The substitution of aromatic moieties on the DTDA heterocycle has a profound effect on 
the solid state interactions observed in the DTDA crystalline state. Controlling the solid 
state structure of DTDAs has long been a goal so as to harness the physical properties 
associated with the radical. From a synthetic perspective, the diverse range of 
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commercial and readily accessible aromatic nitriles has permitted a diverse range of 
aryl-substituted DTDAs to be prepared (Section 1.2). Now, after three decades of 
iterative synthetic and structural efforts, some patterns in DTDA solid state packing are 
being identified.  The first aryl-substituted DTDA synthesized was PhCNSSN, which 
crystallized as a cis-oid dimer.115 The addition of an electron-rich phenyl group now 
allows for the formation of S—S∙∙∙π along with SN-IV interactions, which compete with 
other established S···N interactions already discussed. The propagation of S—S∙∙∙π and 
SN-IV interactions throughout the PhCNSSN lattice result in a herringbone motif, as 
shown in Figure 1.12. Substitution with electron withdrawing groups (F, CN, CF3 etc) 
depletes the π electron density and suppresses the S—S∙∙∙π interactions favoring more 
lamellar structures with SN-II and SN-IV type interactions. 
 
Figure 1.12: Packing of PhCNSSN dimers, demonstrating S···π and SN-IV contacts 
In an attempt to derive methods of structurally engineering DTDA packing in the solid 
state a variety of functional moieties were added to the phenyl ring as substituents or 
incorporated as heteroatoms in the ring to observe their effect on crystal packing. The 
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addition of halogens to the phenyl ring suppresses the S—S∙∙∙π interaction by depleting 
the π electron density but the halogens themselves have rather different structure-
directing roles: Fluorine substitution generates π-stacked structures with extended 
Sδ+···Fδ- and Sδ+···Nδ- contacts throughout the lattice.116-120 In particular fluorines in the 
2’,6’- positions lead to a significant twist between heterocyclic and aryl ring planes so as 
to minimize intramolecular N···F repulsions. The addition of a single chlorine to the aryl 
ring in p-ClC6H4CNSSN resulted in a herringbone structure similar to that of PhCNSSN, 
dominated by S—S∙∙∙π and Sδ+···Clδ- interactions (Figure 1.13a),121 but multiple chlorine 
promote formation of π-stacked “β-sheets”. The latter is a supramolecular synthon in 
which planar poly-chlorinated aromatics form π-stacked structures with inter-plane 
distances around 4.0 Å.122 Studies on di-chloro aryl-substituted DTDAs,123, 124 
demonstrating favourable Sδ+···Nδ- and Sδ+···Clδ- inter-stack contacts (Figure 1.13b). 
Notably attempts to prepare DTDAs with 2’,6’-dichloroaryl substituents have so far 
failed.123  
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Figure 1.13: Examples of chlorinated DTDAs.  
(a) The crystal structure of p-ClC6H4CNSSN demonstrating a herringbone motif 
promoted by S∙∙∙π and S∙∙Cl interactions; (b) The crystal structure of 2,5-
Cl2C6H3CNSSN, demonstrating π-stacks with long and short S···S contacts and 
formation of β-sheets via S···Cl and S···N contacts. 
Apart from halogens, the cyano moiety was added as a substituent to the aryl ring. 
Cyano functionalities are not only electron withdrawing, disfavouring S∙∙∙π interactions 
but also exhibit significant bond polarity, viz. -C≡Nδ. The latter becomes a strong 
supramolecular synthon, generating Sδ+···δ-NC contacts, reflected in work by Oakley on 
both the meta- and para-NCC6H4CNSSN radicals (Figure 1.14).
125 p-NCC6H4CNSSN forms 
linear chains of cis-oid dimers via Sδ+···δ-NC contacts (Figure 1.14 bottom), whereas the 
m-NCC6H4CNSSN crystallises in two phases dominated by S
δ+···δ-NC but containing 
different modes of dimerization (Figure 1.14 top, middle). The cyano moiety has also 
been used as a structure-directing group in other DTDAs,126-129 and was most famously 
used in the p-NCC6F4CNSSN radical which will be discussed in greater detail vide infra.  
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Figure 1.14: The crystal structures of m-NCC6H4CNSSN and p-NCC6H4CNSSN  
The α-phase (top) and β-phase (middle) of m-NCC6H4CNSSN and p-
NCC6H4CNSSN (bottom) 
The final significant structure directing moiety present in aryl-substituted DTDAs is the 
use of appropriately-substituted heterocycles like pyridine. For example, 2-NC5H4CNSSN 
forms cis-oid dimers arranged in a herringbone motif similar to PhCNSSN but with clear 
S—S···Npy and S—S···NDTDA interactions,
130 while the perfluorinated 4-NC5F4CNSSN forms 
linear chains directed by Sδ+···Nδ- interactions (Figure 1.15).131  
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Figure 1.15: Crystal strcutures of pyridyl DTDAs 2-NC5H4CNSSN and 4-NC5F4CNSSN  
The herringbone structure of 2-NC5H4CNSSN (left) and the linear chain of cis-oid 
dimers formed by 4-NC5F4CNSSN (right) 
It is clear that the pyridyl group is a more diverse structure-directing moiety than the 
cyano moiety, given that 4-NC5F4CNSSN relies on an electron deficient π-cloud to allow 
for chain formation. However when the pyridyl and cyano moieties were allowed to 
compete in the solid state structure of 4-(5-cyano-2-pyridyl)-dithiadiazolyl, no Sδ+···δ-NC 
contacts are observed and the structure is instead dictated by SN-IV contacts in 
combination with a close Sδ+···Nδ- contact between the 2-pyridyl N and the DTDA ring 
(Figure 1.16).132  
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Figure 1.16: The crystal structure of 4-(5-cyano-2-pyridyl)-dithiadiazolyl 
This section importantly summarizes key portions of the past 30 years of DTDA 
chemistry with the goal of outlining a clear set of structure-directing motifs for the 
purpose of strategic crystal engineering of thiazyl radical solid state structures.   
1.5  Polymorphism in DTDAs 
The ability for DTDA radicals to dimerize in multiple conformations (Figure 1.10) 
suggests that the energetics of dimerization is similar in all cases. Although a statistical 
analysis of the CCDC suggests that the cis-oid dimerization mode may be moderately 
more favorable, this may be biased based on the large number of aryl derivatives 
reported. The subtle energetic differences between dimerization modes, coupled with 
other favorable structure-directing interactions (vide supra) suggests the final structure 
obtained is sensitive to the relative energies of all competing interactions and often 
results in the emergence of polymorphic materials (Table 1.1). Polymorphism in DTDAs 
can be generated through different dimerization motifs and packing motifs.  For 
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example ClCNSSN is a completely rigid molecule with no torsional freedom, yet it 
displays five different polymorphs; two cis-oid dimers (α and γ) and three twisted 
dimers (β, δ, ε), displaying the fine balance between dimerisation enthalpies and crystal 
packing with 98, 110 For other structures the torsion angle between the DTDA ring and the 
(aryl) substituent provides additional flexibility.  Beldjoudi et al. recently investigated 
the torsional variation within a series of aryl-substituted DTDA radicals, ArCNSSN:133  
Table 1.1 Polymorphs of DTDA radicals 
Radical Polymorph Dimer Form Space 
group 
References 
HCNSSN 
 
α 
β 
Cis-oid 
Cis-oid 
P-1 
P21/n 
108 
109 
 
ClCNSSN 
 
 
 
 
 
α 
β 
γ 
δ 
ε 
 
Cis-oid 
Twisted cofacial 
Cis-oid 
Twisted cofacial 
Twisted cofacial 
 
P21/n 
P21/c 
P21/c 
P-1 
C2/C 
 
98 
98 
98 
134 
110 
 
2,6-F2C6H3CNSSN 
 
 
 
α 
β 
γ 
 
Cis-oid 
Cis-oid 
Mixed/Trans-antarafacial 
 
P21/c 
I41/a 
P21/c 
 
119 
119 
135 
 
p-NCC6F4CNSSN 
 
 
α 
β 
 
Monomeric 
Monomeric 
 
P-1 
Fdd2 
 
136 
137 
 
2,4,6-
(CF3)3C6H2CNSSN 
 
 
α 
β 
 
Monomeric 
Mixed/Trans-antarafacial 
 
P-1 
Pna21 
 
138 
138 
 
m-NCC6H4CNSSN 
 
 
α 
β 
 
Cis-oid 
Trans-antarafacial 
 
 
P21/n 
P21/n 
 
125 
125 
p-EtOC6F4CNSSN 
 
 
α 
β 
γ 
Cis-oid 
Mixed/Cis-oid 
Mixed/Cis-oid 
 
P21/c 
P-1 
P21 
133 
133 
133 
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A CSD search of simple phenyl-substituted DTDAs with two ortho-H atoms (Figure 1.17, 
left) afforded torsion angles in the range 0° – 30° which correlates well with DFT 
computed energies for PhCNSSN which demonstrate that structural variation between 
0° to 30° can occur with a minimum enthalpic cost (5 kJ mol-1). Conversely, DTDAs with 
two ortho-F atoms (Figure 1.17, right) have structures with DTDA torsion angles falling 
across a much wider range (25° to 80°) which again correlates with computational 
studies on 2,6- difluorophenyl DTDA that show a much flatter energy profile with energy 
changes less than 5 kJ mol-1 within the torsional range 20° –  90°. All of these suggest 
that DTDA radicals are potentially structurally complex systems in which there is an 
interplay between dimerization, torsional flexibility and intermolecular forces.   Notably 
a small number of radicals crystallise as monomers in the solid state in which the 
favorable dimerization enthalpy is suppressed. In these cases the loss of dimerization 
enthalpy must be replaced by favorable intermolecular interactions and/or release of 
torsional strain. 
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Figure 1.17: Experimental distribution of torsion angles among aryl-DTDAs bearing 
two ortho H atoms (left) and experimental distribution of torsion angles among aryl-
DTDAs bearing two ortho F atoms (right).  
The solid lines represent the UB3LYP/6-31G* computed energy and the dotted 
line represents an arbitrary 5 kJ.mol-1 ‘cut off’. 
The fine balance between monomer and dimer is reflected in the structure of 2,6-
F2C6H3CNSSN which exhibits three polymorphs; two cis-oid dimers (α and β phases) and 
a γ phase which exhibits a mixture of monomers and trans-antarafacial dimers (Table 
1.1). Similarly 2,4,6-(F3C)3C6H2CNSSN exhibits an α phase comprising only monomers 
and a β phase comprising a mixture of monomers and trans-antarafacial dimers.97 Such 
polymorphism coupled with the inherent paramagnetism of the DTDA building blocks 
potentially lead to phase dependent physical properties linked to the unique solid state 
organisation. 
1.6  Monomeric DTDAs 
As previously discussed, the majority of DTDAs dimerise in the solid state to form 
diamagnetic materials. However the prospect of isolating monomeric DTDAs is a 
positive one, given that their unquenched paramagnetism in combination with 
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exchange coupling between radicals can afford systems which provide good 
experimental models for unusual types of low dimensional behaviour such as ‘gapped’ 
systems, recently popularized by the award of the 2016 Nobel Prize in Physics to 
Haldane, Kosterlitz and Thouless for their fundamental work on topological phase 
transitions (which are manifested in short range magnetic ordering).  The strategy to 
obtain monomeric DTDAs is two-fold. Firstly the steric demand of the substituent is 
increased to disfavour cis-oid dimerization and secondly strong structure-directing 
interactions are introduced to compensate the loss of dimerization energy. For example, 
the ortho-CF3 groups twist the DTDA ring out of plane by 80-90° in 2,4,6-
(CF3)3C6H2CNSSN. Here the α-phase is entirely monomeric despite the shortage of 
structure-directing groups whereas the β-phase comprises a mixture of monomers and 
trans-antarafacial dimers. Here the monomers are linked through SN-I interactions.97 
The presence of two ortho-F atoms leads to large twist angles but these are not always 
sufficient to suppress cis-oid dimerization.133 The inclusion of additional strong 
structure-directing interactions appears to favour monomer formation: The first 
monomeric DTDA reported was p-NCC6F4CNSSN, for which two polymorphs were 
isolated, both of which comprise monomers linked through CN∙∙∙S interactions. The α-
phase crystallised in the centrosymmetric P-1 space group with an inversion centre 
between supramolecular chains resulting in antiparallel  chains (Figure 1.18a).136 The β-
phase of p-NCC6F4CNSSN also forms CN
δ-···δ+S chains but crystallises in the non-
centrosymmetric polar space group Fdd2, resulting in a coparallel alignment of the 
chains (Figure 1.18b).137 These seemingly small differences in structure result in a 
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significant difference in physical properties, which will be further discussed in Section 
1.9. The cyano moiety is clearly one of the strongest structure directing groups and is 
also evident in the structurally-extended p-NCC6F4C6F4CNSSN, which crystallises in the 
monoclinic C2/c space group which also forms monomers aligned into supramolecular 
chains (Figure 1.18c).139 
 
Figure 1.18: Crystal structures of (a) the α-phase of p-NCC6F4CNSSN; (b) the β-phase of 
p-NCC6F4CNSSN, and (c) p-NCC6F4C6F4CNSSN 
The second monomeric DTDA radical to be synthesized was p-BrC6F4CNSSN (Figure 
1.19).140 In this instance, the structure directing interaction was a Brδ+···Nδ- sigma hole 
interaction between the DTDA N-atom lone pair and the pendant Br. Sigma hole 
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interactions are observed when electron withdrawing substituents withdraw electron 
density through the sigma system of polarizable atoms resulting in an electropositive 
region diametrically opposite the sigma bond to the electron withdrawing group.141 
These sigma holes are then able to interact with various donor atoms in a highly 
directional manner, with angles close to 180°. When the sigma hole is based on a 
halogen atom, the resulting bond is referred to as a halogen bond.142 The halogen bond 
in p-BrC6F4CNSSN is highly directional (C—Br···N angle = 162.8°) and significantly shorter 
than the sum of the van der Waals radii (3.40 Å), which suggests this is a sigma hole 
interaction afforded by the perfluorophenyl’s electron-withdrawing effect enhancing 
the Br sigma-hole electron acceptor character. The related compound, p-IC6F4CNSSN,is 
discussed in more detail in these studies (Chapter 2).143  
 
Figure 1.19: The crystal structure of p-BrC6F4CNSSN 
The monomeric p-O2NC6F4CNSSN radical utilises the NO2 moiety as a structure directing 
group by promoting Sδ+···δ-O interactions (Figure 1.20).101 These interactions act in a 
similar fashion to the CNδ-···δ+S interaction, promote the formation of linear monomeric 
chains. This DTDA also displays interesting magnetic properties which will be discussed 
further in detail in Section 1.9. 
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Figure 1.20: The crystal structure of p-O2NC6F4CNSSN 
1.7  Mixed Monomer/Dimer Systems 
There is no better example of the fine balance of interactions that form DTDA dimeric or 
monomeric structures than those crystals in which both form together. Mixed 
monomer/dimer mixtures are quite rare, with only three known examples known in the 
body of DTDA chemistry. The first example of a structure exhibiting both monomers and 
dimers is the diradical NSSNC-C6H3MeC6H3MeCNSSN.
144 This radical demonstrates a 
large torsion angle between phenyl groups of 74° due to the methyl groups present 
which prevents conventional cis-oid dimerization. Instead a trans-cofacial dimer was 
generated at one end but left a monomer at the other end. The monomer forms two 
SN-IV contacts to DTDA dimers and this extended network of contacts is shown in Figure 
1.21. 
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Figure 1.21: Crystal structure of S2N2C-C6H3Me-MeC6H3-CN2S2, with dimers shown in 
blue 
The second example of a mixed monomer/dimer structure is the β-phase of 2,4,6-
(CF3)3C6H2CNSSN.
97 This structure crystallises in the triclinic P-1 space group and 
contains four crystallographically independent molecules with torsion angles of 69.4-
72.9°. While these large torsion angles facilitate monomer formation in three of the 
crystallographically independent molecules by forming SN-I contacts akin to the α-phase 
(Figure 1.22a), one of the molecules forms a trans-antaracofacial dimer with its 
symmetry equivalent while connecting to the “central” monomer via an SN-I contact 
(Figure 1.22b). The intradimer dimer S···S distance (3.445 Å) is longer than typical 
intradimer distances (2.9 – 3.1 Å).125 This lengthening of the dimer contact distance is 
likely due to steric hindrance from the CF3 groups and would suggest a weaker 
interaction than the traditional DTDA dimer, and alludes to the relative energetic 
similarities between SN contacts and dimerization. 
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Figure 1.22: Crystal structures of (a) the monomeric α-phase and (b) the mixed 
monomer/dimer β-phase of 2,4,6-(CF3)3C6H2CNSSN 
The third example of a mixed monomer/dimer system is the γ-phase of 2,6-
F2C6H3CNSSN.
135 The radical, which adopts a monoclinic P21/c space group, crystallizes 
with two independent molecules in the unit cell in which 50% of the radicals remain 
monomeric and 50% of the radicals dimerize (Figure 1.23a). The torsion angle of the 
DTDA ring for the dimer pair is 52.21°, which is less than those of the 2,4,6-
(F3C)3C6H2CNSSN. This dimer also adopts a trans-antarafacial dimer geometry, 
suggesting that this is perhaps the least stable dimer motif. In this case the intradimer 
S∙∙∙S distance (3.208 Å) for -2,6-F2C6H3CNSSN, will lead to better orbital overlap and this 
interaction should be considered energetically more favourable than the dimer 
interaction found in 2,4,6-(F3C)3C6H2CNSSN. The monomers in this structure display 
greater torsion angles of 68.51°, consistent with the ability to relax the torsion angle in 
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the absence of dimerization. These monomers and dimers form supramolecular chains 
linked via SN-IV contacts (Figure 1.23b) and dimers form chains via π-π stacks (Figure 
1.23c). 
 
Figure 1.23: Crystal structure of the γ-phase of 2,6-F2C6H3CNSSN  
(a) the interactions between monomers and dimers, (b) supramolecular chains 
formed by the monomers in the system, and (c) supramolecular chains formed 
by the dimers in the system 
The final examples of mixed monomer/dimer systems are the β and γ phases of p-
EtOC6H4CNSSN.
133 The β-phase crystallises in triclinic P-1 with six molecules in the 
asymmetric unit, composed of two cis-oid dimers and two monomers, with monomers 
and dimers alternating evenly throughout the stack (Figure 1.24, left). This mixed 
monomer/dimer system appears to be stabilised by a multitude of inter-stack SN 
contacts between both monomers and dimers, which have been simplified in Figure 
1.24 (right). 
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Figure 1.24: Crystal structure of the β-phase of p-EtOC6H4CNSSN  
(a) the alternating 1:1 monomer:dimer ratio long the stacking direction and (b) 
the SN contacts between neighbouring stacks 
The γ-phase conversely demonstrates a repeating stacking unit of 3 dimers to 1 
monomer, and shows a similar chain-like structure to the β-phase (Figure 1.25).  
 
 Chapter 1: Introduction  
34 
 
 
Figure 1.25: Crystal structure of the γ-phase of p-EtOC6H4CNSSN  
(a) the alternating 1:3 monomer:dimer ratio along the stacking direction and (b) 
the SN contacts between neighbouring stacks showing the 14 unique molecules 
in the asymmetric unit. 
1.8  DTDA co-crystals 
A variety of structure-directing groups were presented in Section 1.4.3 and lead to self-
organization of the DTDA radicals in the solid state. An alternative strategy is to combine 
two radicals with complementary functional groups to build cocrystals combining two or 
more different building blocks. The first example of a DTDA cocrystal was described by 
Rawson in 2009 and utilized the established interaction between electron rich and 
electron deficient benzene moieties which form alternating π-stacked structures of 
which the parent [C6F6][C6H6] is best known.
145 Thus co-sublimation of C6F5CNSSN and 
C6H5CNSSN yielded a 1:1 co-crystal in which the aromatic rings form a near-eclipsed π-
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stack (Figure 1.26, left).146 This strategy was also used to yield a 1:1 co-crystal of 
NC5F4CNSSN and C6H5CNSSN (Figure 1.26, right).
99 To better understand the energetics 
of such co-crystal formation, Haynes undertook extensive DFT and charge density 
studies to look at the π-stack interaction electron rich and deficient aryl rings, as well as 
the dipole of the molecules in question. These studies revealed a small degree of charge 
transfer between the fluorinated and non-fluorinated aryl rings of the co-crystal, while a 
change in molecular dipole from δ+PhDTDAδ- to δ-C6F5DTDA
δ+ results in a facilitation of 
the packing of the co-crystal.147 It is interesting to note, however, that multiple attempts 
of co-crystallization using other fluorinated and non-fluorinated derivatives were 
unsuccessful,99 suggesting that the balance of forces necessary to co-crystallize DTDAs is 
not necessarily straightforward. This will be discussed in more detail in Chapter 3. 
 
Figure 1.26: Crystal packing of the 1:1 C6F5CNSSN:PhCNSSN co-crystal and the 1:1 
NC6F4CNSSN:PhCNSSN co-crystal. 
1:1 C6F5CNSSN:PhCNSSN co-crystal shown on left, 1:1 NC6F4CNSSN:PhCNSSN co-
crystal shown on right. 
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1.9  Magnetic Properties of DTDAs 
The design of organic magnets became an attractive prospect since the discovery of the 
β-phase of p-nitrophenyl nitronyl nitroxide, p-NPNN, the first organic radical to display 
bulk ferromagnetism at 0.6 K.82 The design of an organic magnet requires a stable 
radical as a spin carrier (S = ½) and a three-dimensional magnetic communication 
pathway in order to achieve bulk magnetic order. The magnetic ordering is therefore 
dependent upon the weakest of the exchange coupling pathways. Efficient exchange 
coupling in only one or two dimensions precludes long range order but can lead to 
interesting models for phenomena in low dimensional physics. Current goals in the field 
of organic magnets are to establish more efficient magnetic communication pathways 
to increase the exchange coupling and generate radicals with higher magnetic ordering 
temperatures. Although a number of nitroxide and nitronyl nitroxides have also been 
shown to form magnetically ordered phases, they tend to only order at extremely low 
temperatures. A common exchange coupling mechanism is based on dipole-dipole 
interactions which show a 1/r3 dependence and therefore fall off rapidly at longer 
intermolecular separations, leading to low ordering temperatures (< 1K). Alternatively 
exchange coupling can occur through direct orbital overlap which again requires close 
approach and is inhibited by steric protecting groups. In an attempt to improve upon 
C/N/O-based radical magnets, radical systems based on heavier main group elements 
such as S and Se  were proposed given their more radially diffuse orbitals (favoring 
better spatial overlap) and lack of steric protection. Moreover these elements also lead 
to greater magnetic anisotropy given that spin-orbit coupling, λ, scales with Z4.148  It is 
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for these reasons that thiazyl and selenazyl radicals were thought to possess the 
potential to form improved organic magnets, given that they consist of π-delocalized 
radicals that do not have the steric bulk of C/N/O radicals and as such could 
demonstrate efficient exchange coupling pathways while also having enhanced 
magnetic anisotropy.3 DTDAs unfortunately have a strong tendency to dimerise and 
quench their paramagnetism. The design of DTDA-based magnets has therefore focused 
primarily on finding methods to suppress dimerization and controlling the solid state 
structure of the radicals to allow for the efficient exchange coupling in all three 
dimensions to support bulk magnetic order. 
1.9.1  Weakly Dimeric DTDAs with Thermally Accessible Triplet States 
The magnetic interaction associated with the DTDA dimer can be best looked at as a 
direct exchange interaction between two spins that can be expressed by the isotopic 
Heisenberg Hamiltonian: 
?̂? = −2𝐽?̂?1?̂?2 
where J is the magnetic exchange coupling, ?̂? is the spin operator for spin S1 and S2. 
Given that S1 and S2 are equal to ½, the interaction can yield either a triplet (S = 1) or an 
open shell singlet (S = 0)  with these two states separated by an energy 2J.149  After 
years of research by Banister and Passmore, the magnitude of the 2J term has been 
found to have a strong correlation to the intra-dimer S···S distance. For example, it was 
demonstrated that for systems with S···S distances less than 3.2 Å the open-shell 
(antiferromagnetically coupled) singlet and closed shell singlet (a multicentre bonding 
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interaction) become degenerate. For intradimer S···S distances of 3.2 Å or greater, the 
singlet-triplet energy gap falls in the range 500 cm-1 ≤ |2𝐽| ≤ 2000 cm-1.124, 128  More 
recent studies by Rawson on 2,5-dichlorophenyl-substituted DTDAs supported 
Passmore’s inference, demonstrating  intra-dimer S···S distance dependence on the 
singlet triplet energy gap through magnetic measurements on five molecular examples 
and supported by computational studies (Figure 1.27).123 
 
Figure 1.27:  Relative energy change of the open-shell singlet (S*), closed-shell singlets 
(S) and triplet (T) state as a function of the intra-dimer S⋯S distances, computed at 
the UB3LYP/6-31G* level (Figure adapted with permission from ref. 123) 
 
1.9.2  Short Range Ordering in DTDA Radicals 
The design of DTDA magnets focuses primarily on suppressing dimerization (which 
generates a singlet ground state) and controlling the solid-state structure to allow for 
efficient exchange coupling. The DTDA radical 2,4,6-(CF3)3C6H2CNSSN was found to be 
polymorphic (section 1.7).97 The α-phase forms one-dimensional chains which were 
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shown to have antiferromagnetic interactions through the SN-I interactions between 
DTDA rings and a Curie-Weiss constant of θ = -21 K. However no long-range order was 
observed due to the steric bulk impeding formation of a three dimensional exchange 
pathway. The magnetism was not a perfect match for an exchange coupled S = ½ chain 
below 50 K, but this was attributed to the presence of paramagnetic impurities arising 
from crystal defects.  The β-phase also shows antiferromagnetic interactions (θ = -29 K) 
but is composed of three exchange-coupled monomers and no pathway for long range 
magnetic order.  
The radical p-BrC6F4CNSSN demonstrated short-range antiferromagnetic interactions (θ 
= -27 K), but showed a lower-than-expected high temperature 𝜒 value than what would 
be expected for an S = ½ paramagnet. Furthermore it was found that additional 
diamagnetic corrections were required for a good fit to Curie-Weiss behaviour above 60 
K.140 The abnormalities of this magnetism will be discussed in further detail in Chapter 2.  
It is noteworthy that the localised nature of the SOMO means that structure-directing 
S∙∙∙S and S∙∙∙N interactions (Figure 1.10) contribute to magnetic exchange via dipole-
dipole and/or orbital overlap mechanisms but other structure-directing interactions 
such as Br∙∙∙N here control structure but do not propagate magnetic communication.   
The α-phase of p-NCC6F4CNSSN exhibits Curie-Weiss behaviour with weak 
antiferromagnetic interactions (θ = -3.8 K) between two S = ½ DTDAs.150 This system was 
found to exhibit a broad maximum in its susceptibility around 10 K indicative of low 
dimensional antiferromagnetic order but only a broad maximum in the heat capacity 
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reflecting the absence of long range magnetic order. Below this maximum it exhibited 
an unexpected field dependence in its magnetic susceptibility around 3 K but also 
without any clear features in the heat capacity or ac susceptibility. DFT studies on the 
nearest neighbor exchange processes revealed an alternating system of ferromagnetic 
and antiferromagnetic exchange (Figure 1.28). The nature of the alternating exchange 
coupling leads to formation of a Haldane spin chain. Here the spin ground state is a 
singlet with a gap to a band of low-lying triplet states. In small applied fields the ground 
state has S = 0 but with increasing field strength the Ms = -1 component of the triplet is 
lowered and becomes increasingly populated at higher fields leading to a non-linear 
increase in magnetization with applied field and a corresponding field dependence of 
the susceptibility. 
 
Figure 1.28: The alternating ferromagnetic and antiferromagnetic interactions found in 
the α-phase of p-NCC6F4CNSSN 
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1.9.3  Long Range Ordering in DTDA Radicals 
True organic magnets occur when radicals assemble in the solid state such that 
exchange coupling occurs in three dimensions. Three different types of long range order 
can occur for systems constructed from a single type of spin (Figure 1.29). In 
ferromagnetic materials, all spins are aligned co-parallel whereas for anti-ferromagnets 
the spins are aligned anti-parallel to one another. In canted antiferromagnetism 
(sometimes also called weak ferromagnetism), a non-colinear antiparallel alignment of 
spins occurs. This unusual spin arrangement arises from canting of the spins through an 
antisymmetric exchange process known as a Dzyaloshinsky-Moriya interaction. Here the 
cross product (d[Si x Sj]) is minimized when the spins are orthogonal and competes with 
the conventional exchange coupling -J Si·Sj angle. The magnitude of the canting is 
defined by sin = |d/J|and is typically very small (< 1o) but leads to a clear non-zero 
magnetic moment. In systems with inversion symmetry between the exchange-coupled 
spins d = 0 and spin alignment is inherently of the pure antiferromagnetic variety but d 
may be non-zero in non-centric structures. We should also note a fourth type of 
magnetic ordering known as ferrimagnetism, in which spins of different magnitude are 
antiferromagnetically coupled but yield a net moment equal to the difference in 
magnetic moments of the spins.  
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Figure 1.29: Four types of magnetism found in long range ordered systems 
The first example of long-range ordering in DTDAs was the β-phase of p-
NCC6F4CNSSN,
137 which has since gone on to be a benchmark example of organic 
magnets.151 The β-phase crystallises in the non-centrosymmetric space group Fdd2 with 
molecules arranged through CN···S interactions (Figure 1.18b). Each radical forms four 
symmetry-equivalent heterocyclic Sδ+···Nδ- contacts which propagate in three 
dimensions. Curie-Weiss behaviour was observed with a Weiss constant of θ = -102 K 
indicative of strong anti-ferromagnetic interactions with long-range canted 
antiferromagnetic ordering occurring below 36 K.  Interestingly, the ordering 
temperature increases to 70 K under 16 kbar pressure, which represents the highest 
ordering organic magnet known to date.152  
The second example of long-range ordering in DTDAs is p-O2NC6F4CNSSN.
101 This radical 
forms supramolecular chains similar to p-NCC6F4CNSSN via S
δ+···NO2
δ- contacts (Figure 
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1.20), with the chains being related by a 4-fold screw axis. Each radical again forms four 
symmetry equivalent contacts. In this instance the exchange coupling is ferromagnetic (J 
= +1.3 cm-1) between each radical and reflected in a positive Weiss constant (θ = +1.6 K). 
The system undergoes long range ordering at 1.3 K. 
1.9.4  Metal Complexes of DTDA Radicals 
The redox active nature of DTDAs has been well documented with a  cation to radical 
redox potential of approximately +0.6 V,153 and this provides them with the potential to 
be used as non-innocent ligands in metal coordination chemistry. In the presence of 
sufficiently strongly oxidizing metal ions, oxidation to the dithiadiazolylium cation can 
occur, whereas strongly reducing metal complexes can lead to generation of the 
dithiadiazolide anion. Conversely reactions with intermediate oxidation state metals 
may occur without either oxidation or reduction of the radical. 
Initial studies into DTDA metal complexation began with Banister’s studies of DTDA 
reactivity towards low-valent metals, also investigated by Boeré, and the work of Preuss 
on coordination to d-block and f-block metal ions as well as recent studies by Haynes. 
Here general reactivity patterns are discussed in the context of the metal valence state. 
1.9.4.1  Reactivity of Metal (0) Complexes of DTDA Radicals 
The first DTDA metal complex was synthesized by Banister in 1989 by reacting PhCNSSN 
with Fe2(CO)9 to yield the bimetallic Fe2(CO)6(PhCNSSN) complex
154 (Figure 1.30) which 
was subsequently reformulated by Boeré as Fe2(CO)6(PhCN(H)SSN).
155 The structure 
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consists of two Fe(CO)3 units with a formal Fe-Fe bond bridged by both DTDA S atoms. 
Overall the reaction was seen as an oxidative addition process with cleavage of the S—S 
bond (dS-S increasing from 2.089(5) Å to 2.930(2) Å).Work by Boeré showed the species 
was EPR silent and the PhCN(H)SSN can be considered as a  PhCN(H)SSN2- 6e- donor to 
fulfill the 18e- rule.  
 
Figure 1.30: Molecular structure of [Fe2(CO)6(PhCNSSNH)]  
Subsequently, Banister reported the oxidative addition of PhCNSSN to Pt(PPh3)4 to form 
the monometallic Pt(PhCNSSN)(PPh3)2 (Figure 1.31).
156, 157 Here the PhCNSSN radical 
acts as a two-electron donor, PhCNSSN2-. In this case there is clear evidence from EPR of 
hyperfine coupling to N, confirming the radical nature of the ligand but also hyperfine 
coupling to Pt and P reflecting some degree of delocalisation of the unpaired electron 
from the DTDA2- ligand to the PtII centre, suggesting the Pt centre is a mixed 16e-/17e- 
metal centre.  
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Figure 1.31: Molecular structure of the monometallic Pt(PPh3)2PhCNSSN complex 
Interestingly, it was found that these monometallic species disproportionate by the loss 
of two phosphines and a DTDA ligand. The change in the formal charge of the DTDA 
ligand during the disproportionation reaction to form the trimetallic complex, 
Pt3(PhCNSSN)2(PPh3)4 is shown below:
158  
              2-                                                3-                                  0 
3 Pt(PhCNSSN)(PPh3)2    Pt3(PhCNSSN)2(PPh3)4 + PhCNSSN + 2 PPh3 
The square-planar nature of the Pt coordination geometries in Pt3(PhCNSSN)2(PPh3)4 
suggest 16e- PtII and each DTDA ligand can be formally considered to act as a 5e- donor 
PhCNSSN3- ligand, donating two σ electrons to the terminal Pt centres and one lone pair 
and a σ electron to the central Pt centre, generating three 16e- metal centres (Figure 
1.32). The decomposition of this complex is quite slow and was found to be further 
slowed when using dppe as a result of the chelate effect.159 Related studies with 
Pd(PPh3)4 afforded the analogous trimetallic Pd complex Pd3(PhCNSSN)2(PPh3)4 directly 
with no evidence for the monometallic intermediate, likely a result of the faster kinetics 
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of Pd chemistry.160-162 Slowing the kinetics using the chelate dppe ligand did successfully 
afford the corresponding monometallic species Pd(PhCNSSN)(dppe).163  
 
Figure 1.32: Molecular structure of the trimetallic Pt3(PPh3)4(PhCNSSN)2 complex and 
electron counting 
As an extension of these Pt and Pd complexes, Wong substituted PhDTDA for 4’-
pyridylDTDA, which formed similar trimetallic species, Pd3(pyCNSSN)2(PPh3)4. The 
pendant pyridyl groups were subsequently shown to generate Lewis acid-base adducts 
with BEt3 and formed extended chain structures when coordinated to MnBr(CO)3.
164 
1.9.4.2  Reaction of Metal (I) Complexes of DTDA Radicals 
The first reported reaction of a DTDA with a M(I) complex was reported in 1991 by 
Banister. The reaction of [NiCp(CO)]2 with PhDTDA to afford the bimetallic, 
paramagnetic Cp2Ni2(PhDTDA).
165 Here there is also S—S bond cleavage and the system 
can be considered as a PhCNSSN2- 6e- donor such that each Ni centre obeys the 18e- 
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rule. This suggests the DTDA ring retains some radical character. EPR studies by Boeré155 
revealed no clear evidence for 14N coupling and it is likely that the radical electron is at 
least partially delocalized to the Cp2Ni2 fragment in a similar fashion to the 
monometallic Pt and Pd phosphine complexes described previously.  
Reactivity studies by Boeré of the 17e- Cr(I) complex [CpCr(CO)3]2 showed different 
reactivity.126, 166, 167 Unlike the Ni, Pd, Pt and Fe systems described previously in which 
oxidative addition accompanied with S-S bond cleavage occurs, the fidelity of the DTDA 
heterocycle in this system is maintained with retention of the S-S bond. Instead the 
DTDA binds η2 through the disulfide bridge, acting as a 3e- π donor to afford 
CpCr(PhCNSSN)(CO)2 with an 18e
- Cr centre (Figure 1.33). The choice of R substituent 
was found to result in either endo or exo conformations, though no clear pattern based 
on electron donating or withdrawing ability or steric arguments could be identified. 
Unlike Ni(I) and Cr(I), reaction of PhCNSSN with AuCl·THT led to oxidation of PhCNSSN to 
form [PhCNSSN]Cl and a gold mirror.168   
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Figure 1.33: The molecular structure of a representative CpCr(CO)2(RCNSSN) (R = 4-
MePh) and representations of the exo and endo binding modes that are observed in 
such complexes. 
 
1.9.4.3  Metal (II) and Metal (III) Complexes of DTDA Radicals 
The largest body of work in DTDA metal coordination has been undertaken by Preuss 
through coordination of 2-pyridylDTDA (pyDTDA) and 2-pyrimidinylDTDA (pymDTDA) as 
chelating ligands to M(II) transition metals. Here the intermediate oxidation states of 
the metal disfavor oxidative addition of the ligand but appear insufficiently high to lead 
to radical oxidation. The first complex was synthesized by the reaction of pyDTDA and 
Co(hfac)2 to yield the Co(hfac)2pyDTDA complex (Figure 1.34). The chelation of the DTDA 
as opposed to the oxidative addition or π-bonding motif allows for magnetic exchange 
coupling between the metal and radical, as evidenced by magnetic susceptibility 
measurements which demonstrate a strong ferromagnetic coupling interaction of J = 
+82.2 cm-1 between the high spin Co(II) and the DTDA radical.130  
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Figure 1.34: The molecular structure of the CoII(hfac)2pyDTDA complex 
Other M(hfac)2 complexes with Mn(II) and Cu(II) were made which behaved differently 
than the Co(hfac)2pyDTDA, forming dimers in which the persistence of DTDA radicals to 
dimerize led to quenching of the ligand paramagnetism and only weak 
antiferromagnetic interactions between metal centres.104 Contrarily Ni(II) formed a 
monomeric complex with an ST = 3/2 ground state displaying ferromagnetic coupling, 
and Fe(II) also formed a monomeric complex displaying antiferromagnetic coupling 
between the radical and Fe centre with an ST = 3/2 ground state.
169 
Preuss further expanded on this chemistry through the use of the pymDTDA as a 
bridging ligand to facilitate magnetic exchange coupling between metal centres, a 
strategy that has since yielded outstanding results in the field of metal based single 
molecule magnets.170 The bimetallic Mn(II) complex demonstrated antiferromagnetic 
interactions between the DTDA spin and the two outer metal spins resulting in an ST = 
9/2 ground state (Figure 1.35, left),171 whereas bimetallic Ni(II) and Co(II) complexes 
display ferromagnetic coupling interactions between the DTDA and outer metal centres 
generating ST = 5/2 and ST = 7/2 ground states, respectively (Figure 1.35, right).
172  
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Figure 1.35: Molecular structure of M2(hfac)4pymDTDA.  
M = Mn shown on the left and M = Co shown on the right. Figure depicts their 
respective magnetic coupling interactions (only the O atoms of the hfac ligand 
are shown for clarity). 
These studies have been extended to the benzoxazoleDTDA derivative (boaDTDA) and 
the coordination chemistry with a variety of Ln(hfac)3 salts has been explored with the 
goal of forming paramagnetic species with high magnetic anisotropy associated with 
lanthanides exchange-coupled via paramagnetic thiazyl ligands. The first example of 
these complexes was a linear coordination polymer (Figure 1.36) in which diamagnetic 
La(hfac)3 centres are bridged by a boaDTDA radical such that the radical N,N-chelates to 
one centre and binds to the next centre through the other DTDA N atom (the 
benoxazole oxygen was found not to bond). At low temperatures this system displays 
ferromagnetic coupling between boaDTDA radicals through a superexchange 
mechanism involving orthogonal d or f orbitals on the diamagnetic La3+ ions.173  
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Figure 1.36: Molecular structure of the La(hfac)3boaDTDA coordination polymer 
The related Dy(hfac)3boaDTDA complex provided the first example of a DTDA-containing 
metal complex to exhibit single molecule magnet behaviour174 and the coordination 
polymer Sm(hfac)3boaDTDA which is isomorphous to the La(hfac)3boaDTDA discussed 
vide supra. Here there is ferromagnetic coupling throughout the system leading to bulk 
ferromagnetism below 3.1 K.  This was the first instance of long range ordering in a 
DTDA-metal complex, and provides a strategy for facilitating long range ordering in 
DTDA-metal systems. 
The most recent contribution to M(II) and M(III) DTDA complexes as of this writing is by 
Haynes, in which she reported the synthesis and heavily detailed study of a one-
dimensional coordination polymer of an S = ½ Co tetraphenylporphyrin (TPP) and an S = 
½ 4-pyDTDA.175 Here, a completely new mode of coordination is demonstrated in which 
the DTDA SOMO overlaps with the Co 3dz2 such that only one sulfur is bound in the axial 
site, while the 4-pyridine extends the chain by binding to the next Co(TPP) unit (Figure 
1.37a and b). The binding of the S = ½ DTDA to the S = ½ Co(II) results in an EPR silent 
complex and suggests that the radicals spin-pair antiferromagnetically (Figure 1.37b),  
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however the binding can be seen as a valence tautomer averaging between an S = ½ 
Co(II) with an S = ½ DTDA and a non-radical Co(III) with a diamagnetic DTDA anion 
(Figure 1.37c). As such the coordination polymer is best described as Co2.5+(TPP)(S-
pyDTDA0.5-). 
 
Figure 1.37: Haynes’ CoTPP-pyDTDA complex  
(a) the crystal structure of the coordination polymer demonstrating the S- and 
N- coordination modes, (b) depiction of the antiferromagnetic pairing of the 
complex upon formation, and (c) the valence tautomer of CoTPP(4’-pyDTDA) 
1.10  Preface 
The 1,2,3,5-dithiadiazolyl radical has been the most heavily studied five-membered 7π 
radical by far, and the past 30 years has been dedicated to synthesizing and expanding 
the family of radicals while determining patterns of structural self-organization and 
chemical reactivity. The field is now reaching a level of maturity where more systematic 
studies can be envisioned to construct functional materials. In attempting to control 
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solid-state architecture, the propensity for polymorphism remains an exciting feature of 
DTDAs given that the structural organization of DTDA radicals has been well-
documented to lend some fascinating magnetic properties, as demonstrated by p-
NCC6F4CNSSN. To take advantage of polymorphism it is imperative to both discover new 
polymorphs and attempt to understand the thermodynamics that dictate which 
polymorphs can selectively be obtained (for example, how one can selectively obtain 
monomeric structures that are likely to be magnetically interesting).  Chapter 2 
investigates a series of new polymorphs on a series of p-XC6F4CNSSN radicals, and 
attempts to justify their unique structures based on thermodynamic arguments in an 
effort to build on emerging strategies for structural control.  
While polymorphism demonstrates one method for structural control of DTDAs, the use 
of supramolecular synthons has been proposed as a method for obtaining monomeric 
and potentially magnetically interesting DTDAs. To date research in organic magnets has 
predominantly focused on single component systems which can lead to ferro-, antiferro- 
and canted antiferro-magnetic order. Approaches to generate ferrimagnetic materials 
through cocrystallisation of different radicals has not been thoroughly explored. In 
Chapter 3 a robust strategy for selectively preparing ferrimagnetic organic magnets is 
proposed and illustrated with a series of radical-radical cocrystals.  
As we have seen in this introduction, general patterns of reactivity of DTDA radicals with 
metals have been observed. Further studies to explore the scope of these reactions are 
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required and Chapter 4 describes new complexes of DTDA radicals with group 10 
metals, particularly exploring the role of the ancilliary phosphine ligands.  
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61. C. Aliaga, J. M. Juárez-Ruiz, J. C. Scaiano and A. Aspée, Org. Lett., 2008, 10, 2147-
2150. 
62. C. Aliaga, P. Fuentealba, M. Rezende and C. Cárdenas, Chem. Phys. Lett., 2014, 
593, 89-92. 
63. E. G. Janzen, Acc. Chem. Res., 2002, 4, 31-40. 
64. P. Höfer, G. Parigi, C. Luchinat, P. Carl, G. Guthausen, M. Reese, T. Carlomagno, 
C. Griesinger and M. Bennati, J. Am. Chem. Soc., 2008, 130, 3254-3255. 
65. A. Comment, J. Rentsch, F. Kurdzesau, S. Jannin, K. Uffmann, R. B. van Heeswijk, 
P. Hautle, J. A. Konter, B. van den Brandt and J. J. van der Klink, J. Magn. Reson., 
2008, 194, 152-155. 
66. L. Zhao, A. C. Pinon, L. Emsley and A. J. Rossini, Magn. Reson. Chem., 2018, 
https://doi.org/10.1002/mrc.4688. 
67. D. Matuschek, S. Eusterwiemann, L. Stegemann, C. Doerenkamp, B. Wibbeling, C. 
G. Daniliuc, N. L. Doltsinis, C. A. Strassert, H. Eckert and A. Studer, Chem. Sci., 
2015, 6, 4712-4716. 
68. J. Bosch, C. Rovira, J. Veciana, C. Castro and F. Palacio, Synth. Met., 1993, 55, 
1141-1146. 
69. K. Mukai, S. Jinno, Y. Shimobe, N. Azuma, Y. Hosokoshi, K. Inoue, M. Taniguchi, Y. 
Misaki and K. Tanaka, Polyhedron, 2001, 20, 1537-1544. 
70. R. G. Hicks, M. T. Lemaire, L. Öhrström, J. F. Richardson, L. K. Thompson and Z. 
Xu, J. Am. Chem. Soc., 2001, 123, 7154-7159. 
71. Y. Teki, M. Nakatsuji and Y. Miura, Mol. Phys., 2002, 100, 1385-1394. 
 Chapter 1: Introduction  
57 
 
72. A. Ito, N. Kobayashi and Y. Teki, Inorg. Chem., 2017, 56, 3794–3808. 
73. A. Caneschi, D. Gatteschi, R. Sessoli and P. Rey, Acc. Chem. Res., 2002, 22, 392-
398. 
74. D. Luneau and P. Rey, Coord. Chem. Rev., 2005, 249, 2591-2611. 
75. I. Ratera and J. Veciana, Chem. Soc. Rev., 2012, 41, 303-349. 
76. A. Caneschi, D. Gatteschi, J. Laugier and P. Rey, J. Am. Chem. Soc., 1987, 109, 
2191-2192. 
77. A. Caneschi, D. Gatteschi, J. Renard, P. Rey and R. Sessoli, Inorg. Chem., 1989, 28, 
3314-3319. 
78. A. Caneschi, D. Gatteschi, J. Renard, P. Rey and R. Sessoli, Inorg. Chem., 1989, 28, 
2940-2944. 
79. B. D. Koivisto and R. G. Hicks, Coord. Chem. Rev., 2005, 249, 2612-2630. 
80. N. Ishii, Y. Okamura, S. Chiba, T. Nogami and T. Ishida, J. Am. Chem. Soc., 2008, 
130, 24-25. 
81. Y. Numata, K. Inoue, N. Baranov, M. Kurmoo and K. Kikuchi, J. Am. Chem. Soc., 
2007, 129, 9902-9909. 
82. M. Tamura, Y. Nakazawa, D. Shiomi, K. Nozawa, Y. Hosokoshi, M. Ishikawa, M. 
Takahashi and M. Kinoshita, Chem. Phys. Lett., 1991, 186, 401-404. 
83. P. M. Allemand, K. C. Khemani, A. Koch, F. Wudl, K. Holczer, S. Donovan, G. 
Gruner and J. D. Thompson, Science, 1991, 253, 301-302. 
84. R. Chiarelli, M. A. Novak, A. Rassat and J. L. Tholence, Nature, 1993, 363, 147-
149. 
85. R. L. Greene, G. B. Street and L. J. Suter, Phys. Rev. Lett., 1975, 34, 577-579. 
86. G. B. Street and R. L. Greene, IBM Journal of Research and Development, 1977, 
21, 99-110. 
87. V. V. Walatka, M. M. Labes and J. H. Perlstein, Phys. Rev. Lett., 1973, 31, 1139-
1142. 
88. R. L. Greene, P. M. Grant and G. B. Street, Phys. Rev. Lett., 1975, 34, 89-92. 
89. M.-H. Whangbo, R. Hoffmann and R. B. Woodward, Proc. Royal Soc. A, 1979, 
366, 23-46. 
90. I. Ernest, W. Holick, G. Rihs, D. Schomburg, G. Shoham, D. Wenkert and R. B. 
Woodward, J. Am. Chem. Soc., 1981, 103, 1540-1544. 
91. J. M. Rawson, A. J. Banister and I. Lavender, Advances in Heterocyclic Chemistry, 
1995, 62. 
92. J. M. Rawson and C. P. Constantinides, World Scientific Reference on Spin in 
Organics, 2018, 4. 
93. G. G. Alange, A. J. Banister, B. Bell and P. W. Millen, Inorg. Nucl. Chem. Lett., 
1977, 13, 143-144. 
94. G. G. Alange, A. J. Banister, B. Bell and P. W. Millen, J. Chem. Soc., Perkin Trans. 1, 
1979, 1192. 
95. H. U. Höfs, G. Hartmann, R. Mews and G. M. Sheldrick, Angew. Chem. Int. Ed., 
1984, 23, 988-989. 
96. R. T. Boeré, R. T. Oakley and R. W. Reed, J. Organomet. Chem., 1987, 331, 161-
167. 
 Chapter 1: Introduction  
58 
 
97. A. Alberola, C. S. Clarke, D. A. Haynes, S. I. Pascu and J. M. Rawson, Chem. 
Commun., 2005, 0, 4726-4728. 
98. A. D. Bond, D. A. Haynes, C. M. Pask and J. M. Rawson, J. Chem. Soc., Dalton 
Trans., 2002, 0, 2522-2531. 
99. S. W. Robinson, D. A. Haynes and J. M. Rawson, CrystEngComm, 2013, 15, 10205-
10211. 
100. M. Jennings, K. E. Preuss and J. Wu, Chem. Commun., 2006, 341-343. 
101. A. Alberola, R. J. Less, C. M. Pask, J. M. Rawson, F. Palacio, P. Oliete, C. Paulsen, 
A. Yamaguchi, R. D. Farley and D. M. Murphy, Angew. Chem. Int. Ed., 2003, 42, 
4782-4785. 
102. J. Campo, J. Luzon, F. Palacio and J. Rawson, Elsevier Science, 0500. 
103. K. E. Preuss, Polyhedron, 2014, 79, 1-15. 
104. J. Britten, N. G. R. Hearns, K. E. Preuss, J. F. Richardson and S. Bin-Salamon, Inorg. 
Chem., 2007, 46, 3934-3945. 
105. S. A. Fairhurst, K. M. Johnson, L. H. Sutcliffe, K. F. Preston, A. J. Banister, Z. V. 
Hauptman and J. Passmore, J. Chem. Soc., Dalton Trans., 1986, 1465-1472. 
106. E. G. Awere, N. Burford, C. Mailer, J. Passmore, M. J. Schriver, P. S. White, A. J. 
Banister, H. Oberhammer and L. H. Sutcliffe, J. Chem. Soc., Chem. Commun., 
1987, 66-69. 
107. W. V. F. Brooks, N. Burford, J. Passmore, M. J. Schriver and L. H. Sutcliffe, J. 
Chem. Soc., Chem. Commun., 1987, 0, 69-71. 
108. C. D. Bryan, A. W. Cordes, R. C. Haddon, R. G. Hicks, D. K. Kennepohl, C. D. 
MacKinnon, R. T. Oakley, T. T. M. Palstra, A. S. Perel and et al., J. Am. Chem. Soc., 
1994, 116, 1205-1210. 
109. A. W. Cordes, C. D. Bryan, W. M. Davis, R. H. de Laat, S. H. Glarum, J. D. Goddard, 
R. C. Haddon, R. G. Hicks and D. K. Kennepohl, J. Am. Chem. Soc., 115, 7232-
7239. 
110. C. Knapp, E. Lork, K. Gupta and R. Mews, Z. Anorg. Allg. Chem., 2005, 631, 1640-
1644. 
111. H. U. Höfs, J. W. Bats, R. Gleiter, G. Hartmann, R. Mews, M. Eckert‐Maksić, H. 
Oberhammer and G. M. Sheldrick, Ber. Dtsch. Chem. Ges., 1985, 118, 3781-3804. 
112. W. A. Cordes, J. D. Goddard, R. T. Oakley and N. P. C. Westwood, J. Am. Chem. 
Soc., 1989, 111, 6147-6154. 
113. A. J. Banister, M. I. Hansford, Z. V. Hauptman, S. T. Wait and W. Clegg, J. Chem. 
Soc., Dalton Trans., 1989, 1705-1713. 
114. J. N. Bridson, S. B. Copp, M. J. Schriver, S. Zhu and M. J. Zaworotko, Can. J. Chem., 
1994, 72, 1143-1153. 
115. A. Vegas, A. Pérez-Salazar, A. J. Banister and R. G. Hey, J. Chem. Soc., Dalton 
Trans., 1980, 1812-1815. 
116. A. J. Banister, A. S. Batsanov, O. G. Dawe, P. L. Herbertson, J. A. K. Howard, S. 
Lynn, I. May, N. J. B. Smith, J. M. Rawson, T. E. Rogers, B. K. Tanner, G. Antorrena 
and F. Palacio, J. Chem. Soc., Dalton Trans., 1997, 2539-2542. 
117. A. M. T. Bell, N. J. B. Smith, P. J. Attfield, J. M. Rawson, K. Shankland and W. I. F. 
David, New J. Chem, 1999, 23, 565-567. 
 Chapter 1: Introduction  
59 
 
118. L. Beer, W. A. Cordes, D. J. T. Myles, R. T. Oakley and N. J. Taylor, CrystEngComm, 
2000, 2, 109-114. 
119. C. S. Clarke, D. A. Haynes, N. J. B. Smith, A. S. Batsanov, J. A. K. Howard, S. I. 
Pascu and J. M. Rawson, CrystEngComm, 2009, 12, 172-185. 
120. J. M. Cole, C. M. Aherne, P. G. Waddell, A. J. Banister, A. S. Batsanov and J. 
Howard, Polyhedron, 2012, 45, 61-70. 
121. R. T. Boeré, K. H. Moock and M. Parvez, Z. Anorg. Allg. Chem., 1994, 620, 1589-
1598. 
122. J. A. R. P. Sarma and G. R. Desiraju, Acc. Chem. Res., 2002, 19, 222-228. 
123. C. P. Constantinides, D. J. Eisler, A. Alberola, E. Carter, D. M. Murphy and J. M. 
Rawson, CrystEngComm, 2014, 16, 7298-7312. 
124. A. Alberola, E. Carter, C. P. Constantinides, D. J. Eisler, D. M. Murphy and J. M. 
Rawson, Chem. Commun., 2011, 47, 2532-2534. 
125. A. W. Cordes, R. C. Haddon, R. G. Hicks, R. T. Oakley and T. T. M. Palstra, Inorg. 
Chem., 1992, 31, 1802-1808. 
126. H. Lau, V. Ng, L. Koh, G. Tan, L. Goh, T. L. Roemmele, S. D. Seagrave and R. T. 
Boeré, Angew. Chem. Int. Ed., 2006, 45, 4498-4501. 
127. W. A. Cordes, C. M. Chamchoumis, R. G. Hicks, R. T. Oakley, K. M. Young and R. C. 
Haddon, Can. J. Chem., 1992, 70, 919-925. 
128. K. V. Shuvaev, A. Decken, F. Grein, T. S. M. Abedin, L. K. Thompson and J. 
Passmore, Dalton Trans., 2008, 0, 4029-4037. 
129. G. Antorrena, S. Brownridge, S. T. Cameron, F. Palacio, S. Parsons, J. Passmore, L. 
K. Thompson and F. Zarlaida, Can. J. Chem., 2002, 80, 1568-1583. 
130. N. G. R. Hearns, K. E. Preuss, J. F. Richardson and S. Bin-Salamon, J. Am. Chem. 
Soc., 2004, 126, 9942-9943. 
131. S. Domagała and D. A. Haynes, CrystEngComm, 2016, 18, 7116-7125. 
132. N. G. R. Hearns, R. Clérac, M. Jennings and K. E. Preuss, Dalton Trans., 2009, 0, 
3193-3203. 
133. Y. Beldjoudi, R. Sun, A. Arauzo, J. Campo, R. J. Less and J. M. Rawson, Cryst. 
Growth Des., 2018, 18, 179–188. 
134. C. S. Clarke, S. I. Pascu and J. M. Rawson, CrystEngComm, 2004, 6, 79-82. 
135. E. M. Fatila, M. C. Jennings, J. Goodreid and K. E. Preuss, Acta Crystallogr. C, 
2010, 66. 
136. A. J. Banister, N. Bricklebank, W. Clegg, M. R. J. Elsegood, C. I. Gregory, I. 
Lavender, J. M. Rawson and B. K. Tanner, J. Chem. Soc., Chem. Commun., 1995, 
679. 
137. A. J. Banister, N. Bricklebank, I. Lavender, J. M. Rawson, C. I. Gregory, B. K. 
Tanner, W. Clegg, M. R. J. Elsegood and F. Palacio, Angew. Chem. Int. Ed., 1996, 
35, 2533-2535. 
138. A. Alberola, C. S. Clarke, D. A. Haynes, S. I. Pascu and J. M. Rawson, Chem. 
Commun., 2005, 4726-4728. 
139. A. Alberola, R. Less, F. Palacio, C. Pask and J. Rawson, Molecules, 2004, 9, 771-
781. 
 Chapter 1: Introduction  
60 
 
140. G. Antorrena, F. Palacio, J. E. Davies, M. Hartley, J. M. Rawson, J. N. B. Smith and 
A. Steiner, Chem. Commun., 1999, 1393-1394. 
141. T. Clark, M. Hennemann, J. S. Murray and P. Politzer, Journal of Molecular 
Modeling, 2007, 13, 291-296. 
142. G. Cavallo, P. Metrangolo, R. Milani, T. Pilati, A. Priimagi, G. Resnati and G. 
Terraneo, Chem. Rev., 2016, 116, 2478-2601. 
143. C. M. Pask, Magneto-structural correlations of some novel sulfur-nitrogen 
radicals, University of Cambridge, 2003. 
144. T. M. Barclay, A. W. Cordes, N. A. George, R. T. Oakley, R. C. Haddon and M. E. 
Itkis, Chem. Commun., 1999, 2269-2270. 
145. C. R. Patrick and G. S. Prosser, Nature, 1960, 187, 1021-1021. 
146. C. Allen, D. A. Haynes, C. M. Pask and J. M. Rawson, CrystEngComm, 2009, 11, 
2048. 
147. S. Domagała, K. Kosc, S. W. Robinson, D. A. Haynes and K. Woźniak, Cryst. 
Growth Des., 2014, 14, 4834-4848. 
148. F. E. Mabbs and D. J. Machin, Magnetism and transition metal complexes, 
London : Chapman and Hall, 1973. 
149. B. Bleaney and K. D. Bowers, Proc. Royal Soc. A, 1952, 214, 451-465. 
150. Y. Beldjoudi, A. Arauzo, F. Palacio, M. Pilkington and J. M. Rawson, J. Am. Chem. 
Soc., 2016, 138, 16779-16786. 
151. J. S. Miller and A. J. Epstein, MRS Bulletin, 2000, 25, 21-30. 
152. R. I. Thomson, C. M. Pask, G. O. Lloyd, M. Mito and J. M. Rawson, Chem. Eur. J., 
2012, 18, 8629-8633. 
153. C. M. Aherne, A. J. Banister, I. B. Gorrell, M. I. Hansford, Z. V. Hauptman, A. W. 
Luke and J. M. Rawson, J. Chem. Soc., Dalton Trans., 1993, 967. 
154. A. J. Banister, I. B. Gorrell, W. Clegg and K. Jørgensen, J. Chem. Soc., Dalton 
Trans., 1989, 2229-2233. 
155. R. T. Boeré, K. H. Moock, V. Klassen, J. Weaver, D. Lentz and H. Michael-Schulz, 
Can. J. Chem., 1995, 73, 1444-1453. 
156. A. J. Banister, I. B. Gorrell, S. E. Lawrence, C. W. Lehmann, I. May, G. Tate, A. J. 
Blake and J. M. Rawson, J. Chem. Soc., Chem. Commun., 1994, 1779-1780. 
157. A. J. Banister, J. A. K. Howard, I. May and J. M. Rawson, Chem. Commun., 1997, 
1763-1764. 
158. A. J. Banister, I. B. Gorrell, J. A. K. Howard, S. E. Lawrence, I. May, C. W. Lehman, 
J. M. Rawson, B. K. Tanner, C. I. Gregory, A. J. Blake and S. P. Fricker, J. Chem. 
Soc., Dalton Trans., 1997, 377-384. 
159. N. Feeder, R. J. Less, J. M. Rawson and J. N. B. Smith, J. Chem. Soc., Dalton Trans., 
1998, 4091-4094. 
160. H. Taube, Chem. Rev., 1952, 50, 69-126. 
161. A. Peloso, Coord. Chem. Rev., 1973, 10, 123-181. 
162. K. F. Purcell and J. C. Kotz, Inorganic Chemistry, W. B Saunders Company, 
Toronto, 1977. 
163. A. J. Banister, J. A. K. Howard, I. May and J. M. Rawson, Chem. Commun., 1997, 
1763-1764. 
 Chapter 1: Introduction  
61 
 
164. W. K. Wong, C. Sun, W. Y. Wong, D. Kwong and W. T. Wong, European Journal of 
Inorganic Chemistry, 2000, 2000, 1045-1054. 
165. A. J. Banister, I. B. Gorrell, W. Clegg and K. A. Jørgensen, J. Chem. Soc., Dalton 
Trans., 1991, 1105-1109. 
166. R. T. Boeré, L.-Y. Goh, C. Ang, S. Kuan, H. Lau, V. Ng, T. L. Roemmele and S. D. 
Seagrave, J. Organomet. Chem., 2007, 692, 2697-2704. 
167. H. Lau, P. Ang, V. Ng, S. Kuan, L. Goh, A. S. Borisov, P. Hazendonk, T. L. 
Roemmele, R. T. Boeré and R. D. Webster, Inorg. Chem., 2008, 47, 632-644. 
168. J. N. B. Smith, J. M. Rawson and J. E. Davies, Acta Cryst., 1999, C55, 1330-1332. 
169. N. G. R. Hearns, E. M. Fatila, R. Clérac, M. Jennings and K. E. Preuss, Inorg. Chem., 
2008, 47, 10330-10341. 
170. J. D. Rinehart, M. Fang, W. J. Evans and J. R. Long, J. Am. Chem. Soc., 2011, 133, 
14236-14239. 
171. M. Jennings, K. E. Preuss and J. Wu, Chem. Commun., 2006. 
172. J. Wu, D. J. MacDonald, R. Clérac, I.-R. Jeon, M. Jennings, A. J. Lough, J. Britten, C. 
Robertson, P. A. Dube and K. E. Preuss, Inorg. Chem., 2012, 51, 3827-3839. 
173. E. M. Fatila, R. Clérac, M. Rouzières, D. V. Soldatov, M. Jennings and K. E. Preuss, 
Chem. Commun., 2013, 49, 6271-6273. 
174. E. M. Fatila, M. Rouzières, M. C. Jennings, A. J. Lough, R. Clérac and K. E. Preuss, 
J. Am. Chem. Soc., 2013, 135, 9596-9599. 
175. D. A. Haynes, L. J. van Laeren and O. Q. Munro, J. Am. Chem. Soc., 2017, 139, 
14620-14637. 
 
 
 Chapter 2: Polymorphism in halo-substituted perfluoroaryl dithiadiazolyl radicals   
62 
 
Chapter 2  Polymorphism in halo-substituted perfluoroaryl dithiadiazolyl 
radicals 
2.1  Introduction 
2.1.1  Polymorphism and Gibb’s Phase Rule 
Polymorphism in materials chemistry occurs when a single material, without undergoing 
changes to its molecular structure, exhibits more than one phase in the solid state. The 
general equation describing polymorphic phases is Gibb’s phase rule, first described in 
1875 in his seminal paper “On Coexistent Phases of Matter”.1 There are three main 
variables to the phase rule.2 The first variable (P) is the number of phases which can 
form under a certain set of experimental conditions. The second variable (C) is the 
number of individual components (ions or different molecules etc) in the system. The 
third variable (F) is the degrees of freedom, which describe the number of variables 
(namely temperature or pressure) that must be fixed to specify a particular phase. All of 
these variables combine to give the phase rule:  
P + F = C + 2     Eqn. 2.1 
For polymorphism in which we are simply considering different ways in which the same 
molecule can pack then it is normally a single component system (C = 1) and equation 
2.1 simplifies to:  
P + F = 3     Eqn. 2.2 
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In this equation F cannot be negative, which means that no more than three phases can 
be in equilibrium with each other at any given time. In the case of sublimation this 
indicates that there can be no more than two crystalline phases (polymorphs) in 
addition to the gas phase under a specific set of conditions (temperature and pressure).2  
2.1.2  Polymorphism Control in DTDAs 
As highlighted in Chapter 1, DTDAs have a strong tendency towards polymorphism 
which appears due to (i) the variety of energetically similar dimerisation motifs and (ii) 
the range of structure-directing S···N and S···S interactions which appear energetically 
similar. Thus different combinations of dimerization and molecular packing can result in 
a series of energetically similar crystal phases. ClCNSSN is a classic example of this, 
displaying five concomitant polymorphs comprising either cis-oid or twised (ClCNSSN)2 
dimers in addition to a range of Sδ+···Nδ- and Sδ+···Clδ- interactions.3, 4 While three of 
these phases were described as ‘concomitant’ the phase rule suggests only two of these 
crystalline phases can coexist under a specific set of experimental conditions. It is likely 
that subtle changes in temperature across the tube during sublimation led to isolation 
of additional polymorphs and controlled temperature gradients have been employed to 
separate different crystal phases.5 In some cases the isolation of specific DTDA 
polymorphs has proven to be difficult.3, 6 In addition some polymorphs have been found 
to grow under partial atmospheres of nitrogen or argon (C = 2, P = 2).7, 8 Recently, 
Beldjoudi has implemented the use of a temperature-controlled cold finger to control 
formation of particular DTDA phases. In this technique, the DTDA is placed in a Schlenk 
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tube under vacuum (10-2 torr) and the temperature of the cold-finger controlled using a 
cycling unit linked to a temperature control bath. Careful control of both the 
temperature of the substrate (cold finger) and the oil bath, permitted selective growth 
of specific polymorphs. For example, the previously disappearing polymorph α-p-
NCC6F4CNSSN was selectively prepared by sublimation at 110 °C with a cold-finger 
temperature of -10 °C while the β phase can be selectively prepared with a cold finger 
temperature of +20 °C.9 Beldjoudi further employed cold-finger temperature control to 
separate two very similar polymorphs of p-EtOC6F4CNSSN, with both samples heated at 
approximately 60 °C and the substrate temperature set to -15 °C to isolate the α phase 
and +30 °C to prepare the β phase.10 The subtle control of sublimation conditions 
therefore gives rise to the potential to form multiple crystal phases and is explored in 
this chapter in the context of p-XC6F4CNSSN (X = F, Cl, Br, I), vide infra. Previous studies 
on p-XC6F4CNSSN (X = F, Cl) revealed them to be π*-π* dimers
11, 12 whereas p-
XC6F4CNSSN (X = Br, I) were reported to be monomers in the solid state
13, 14 and we 
were interested to explore the phase space associated with these radicals, specifically 
the paramagnetic monomers where the potential for magnetic interactions was of 
interest.  
2.1.3  Introduction to Magnetic Measurements 
For paramagnetic systems, as discussed in Chapter 1, there are two types of magnetic 
interaction between spins. The first are ferromagnetic interactions where spins align 
parallel to one another, and the second are antiferromagnetic interactions where spins 
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align mutually antiparallel. The following brief discussion on magnetism is drawn from 
Carlin’s text, Magnetochemistry.15 
Bulk paramagnets with no interactions between spins are known as Curie paramagnets. 
Their spins are randomly oriented in the absence of a field to yield a net zero magnetic 
moment. In the presence of an applied magnetic field, H, the spins align with the field, 
resulting in a net magnetisation M. The magnetic susceptibility, χ, of the material can 
then be described by the equation: 
χ = M/H    Eqn. 2.3 
For small applied fields, the susceptibility is constant such that Eqn. 2.3 can approximate 
to: 
 χ = M/H    Eqn. 2.4 
Pierre Curie discovered that many compounds displayed a temperature dependence of 
their magnetic susceptibility that could be described by the equation: 
χ = C/T     Eqn. 2.5 
The Curie constant C is now known to be related to the spin, S, and is described by:  
C = 
Ng2β2
3k
S(S+1)   Eqn. 2.6 
where Nβ2/3k is equal to approximately 1/8. Based on Eqn. 2.5, a plot of 1/χ vs T should 
be linear with the gradient of 1/C (Figure 2.1a). C is useful in identifying the spin of the 
material in question when g is known.  
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However when spins show local exchange coupling interactions, the magnetism follows 
the Curie-Weiss law, which is represented by the equation: 
χ = C/(T-θ)    Eqn. 2.7 
To determine the Weiss constant, a plot of 1/χ vs T provides a non-zero intercept on the 
x-axis equal to  where θ may be positive or negative. For simple Heisenberg spins (no 
zero field splitting or first order orbital angular momentum) then  > 0 reflects 
ferromagnetic exchange couplings (Figure 2.1b) whereas  < 0 is consistent with anti-
ferromagnetic exchange interactions (Figure 2.1c). 
 
Figure 2.1: Plot of 1/χ vs T for Curie magnets and materials with ferro- or antiferro-
magnetic exchange coupling. 
(a) a Curie magnet, (b) a material with local ferromagnetic exchange coupling, 
and (c) a material with local antiferromagnetic exchange coupling 
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2.1.4  Previous studies on p-BrC6F4CNSSN 
The p-BrC6F4CNSSN radical was first reported in 1999 by Rawson, and was, at the time, 
only the second DTDA radical to retain its paramagnetism in the solid state.13 The radical 
was crystallised by sublimation along a tube at 80 °C and 10-2 Torr dynamic vacuum to 
yield crystals whose structure shown in Figure 2.2. It crystallises in the orthorhombic 
space group Aba2, with its structure directed predominantly by a Br···N halogen bond to 
form a supramolecular polymeric chain along the c axis (Figure 2.2a). The Br···N contact 
is 3.139(9) Å is well below the sum of the van der Waals radii of 3.40 Å, with a C—Br···N 
angle of 162.77° characteristic of a Br···N sigma-hole interaction.16  
SQUID measurements revealed Curie-Weiss behaviour (θ = -27 K) in the high 
temperature regime, indicative of short-range antiferromagnetic interactions, although 
the anticipated low temperature maximum in χ expected for low dimensional 
antiferromagnetically coupled spins appeared obscured by a significant Curie tail 
associated with S = ½ defects at low temperatures. Subsequent theoretical studies 
provided feasible magnetic coupling pathways include short S···N contacts of 3.175 Å 
down the c-axis labelled as J3 (Figure 2.2b), as well as J1 and J2 exchange pathways down 
an alternating long-short contact π-stacking motif (S···N and S···S contacts of 3.675–
3.999 Å) down the a-axis (Figure 2.2c).17 The computed magnetic exchange coupling 
constants J1 and J3 were calculated to be antiferromagnetic whereas J2 was proposed to 
be ferromagnetic.  
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Figure 2.2: Crystal structure of the alpha phase of p-BrC6F4CNSSN radical. 
The figure depicts (a) the halogen bonding C—Br···N motif down the c-axis, (b) 
the J3 magnetic exchange term down the c-axis, and (c) the J1 and J2 magnetic 
exchange terms down the a-axis. The magnitudes of J1, J2 and J3 (cm
-1) are 
tabulated. 
 
2.1.5  Preface to the Chapter 
This chapter focuses on the re-investigations of p-XC6F4CNSSN (X = F, Cl, Br and I). While 
X = F and X = I replicated the previously reported structures,12, 14 no magnetic studies 
had previously been reported on p-IC6F4CNSSN and these are discussed here and 
supported with computational studies. In addition new polymorphs of p-XCC6F4CNSSN 
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(X = Cl, Br) were identified and a comparison of their different polymorphs made. We 
also comment on the thermodynamic arguments for obtaining such structures focusing 
on the effect of the sublimation and substrate temperatures on polymorphism.  
2.2  Results 
p-XC6F4CN (X = Cl, Br) were prepared by Dr. Elodie Heyer according to the method 
outlined by Birchall, Haszeldine and Jones18 by reacting C6F5CN with the corresponding 
lithium halide. Dr. Heyer also made use a new method for the synthesis of p-IC6F4CN 
that achieved greater yields than previously reported, which is detailed in Section 2.4.2 . 
2.2.1  Polymorphs of p-ClC6F4CNSSN (1) 
Initial attempts to form 1 had been hampered by ‘oiling’ of the sample on the water-
cooled cold finger. As a result a cold-finger temperature of -10 °C with a bath 
temperature of +50 °C. Single crystal x-ray diffraction (SCXRD) on multiple crystals of the 
sublimed material resulted in the isolation of the known polymorph 1α and the new 
phase 1β which sublimed alongside 1 as a minor product (ca. 25% of the time based on 
a study of 4 single crystals). Both polymorphs appear as red blocks, and it was only due 
to the first diffracted crystal being the β-phase that multiple crystals were screened in 
the event other phases were present. 
2.2.1.1  The α-phase of p-ClC6F4CNSSN (1α) 
The α-phase of p-ClC6F4CNSSN crystallises in the monoclinic I2/a space group with one 
molecule in the asymmetric unit (Z’ = 1).11 Two molecules form a cis-oid dimer located 
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about a crystallographic 2-fold axis with equivalent S···S contacts of 3.0318(7) Å. This 
structure behaves characteristically of a chlorinated aromatic DTDA as described in 
Chapter 1, forming a π-stack with πδ+···δ-F contacts of 3.130(2) Å. Unlike the reported 
structure of p-ClC6H4CNSSN discussed in Chapter 1,
19 these dimers do not form Sδ+···δ-π 
interactions due to depletion of the π electron density arising from the F atoms.20 
Instead they form supramolecular chains of dimers (Figure 2.3) linked through 
bifurcated sets of S···Cl contacts between the DTDA ring and a neighbouring Cl atom 
[dS···Cl = 3.4283(8) and 3.3412(8) Å (ΣvdW = 3.55 Å)] along the crystallographic b-axis.  
 
Figure 2.3: The crystal structure of 1α viewed down the c-axis  
These chains align antiparallel with SN-II interactions (Section 1.4.1) connecting dimers 
along the a-axis of the sheet with S···N contacts of 3.107(2) and 3.155(2) Å (Figure 2.4a).  
An additional Sδ+···δ-F contact is observed between one sulfur (S11) and an ortho-F (F16) 
(dS···F = 3.244(1) Å) which is within the sum of the van der Waals radii (ΣvdW = 3.27 Å). 
Close F···F contacts also occur between F13 and F15 on neighbouring fluoro-aryl rings. 
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Along the c-axis these dimers align antiparallel (driven by dipole-dipole interactions).  
with close Nδ-···δ+C contacts between N12 and C13 (3.237(2) Å) (Figure 2.4b).  
 
Figure 2.4: Inter-chain SN-II and S···F contacts along the a-axis in 1α and N···C contacts 
connecting β-sheets along the c-axis. 
SN-II and S···F contacts along the a-axis shown in (a), N···C contacts along the c-
axis shown in (b) 
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2.2.1.2  The β-phase of p-ClC6F4CNSSN (1β) 
The β-phase of p-ClC6F4CNSSN crystallises in the monoclinic P21/c space group with 5 
molecules in the asymmetric unit (Z’ = 5) consisting of two p-ClC6F4CNSSN cis-oid dimers 
and a monomeric p-ClC6F4CNSSN (Figure 2.5). 
 
Figure 2.5: Structure of the 1β stack as viewed down the c-axis 
Crystallographically unique dimers D1 (shown in blue and yellow), D2 (shown in 
red and green). 
This polymorph forms a stacked structure, consisting of a repeating unit of two dimers 
and a monomeric radical (Figure 2.5). For ease of discussion, we will refer to the blue-
yellow dimer as D1 and the red-green dimer as D2. Both D1 and D2 are cis-oid dimers 
with S···S contacts in the range 3.0262(9) – 3.1051(9) Å with close πδ+···δ-F contacts in 
the range 3.060(2)-3.222(3) Å. For dimers D1 and D2 the presence of the ClC6F4 
functional group leads to (i) a hinge of the DTDA rings with respect to each other (13.43o 
and 13.15o) and an additional twisting of the two rings to minimise Cl···Cl contacts (C-
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C···C-C = 3.97o and 3.27o corresponding to the angle between the DTDA C atoms and the 
aryl C atoms). The monomer shows a significant twist angle between the DTDA and the 
aryl ring of 85.76°, which is larger than almost all known DTDAs to date except 
(CF3)3C6H2CNSSSN (89.87°). For comparison the remaining four molecules in the 
asymmetric unit, constituting D1 and D2, fall in the range 39.73 – 41.46o. All five 
molecules in the asymmetric unit are connected via π∙∙∙π stacks measuring 3.341(3) to 
3.381(3) Å.  The monomer forms contacts between the heterocyclic N (N52) and an 
ortho C-F bond to the ‘blue molecule’ of D1 [dN52···C22 = 3.223(3) Å and dN52···F22 = 2.987(3) 
Å, Figure 2.5).  
Inter-stack contacts comprise Sδ+···δ-Cl interactions which link molecules parallel to the 
crystallographic b-axis. These S···Cl contacts are Cl14···S42 (3.4851(9) Å), Cl24···S21 
(3.4327(8) Å), Cl34···S32 (3.3662(9) Å) and Cl54···S12 (3.4059(9) Å. Here, each stack is 
related by a two-fold screw axis parallel to b, as shown by example in the red molecule 
in Figure 2.6. 
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Figure 2.6: Crystal structure of 1β demonstrating the inter-stack interactions which 
connect stacks down the b-axis 
The stacks are further connected by three types of contact down the c-axis, as shown in 
Figure 2.7, with neighbouring stacks related by inversion centres at (0,0,0). Firstly, SN-II 
interactions link neighbouring D1 dimers (S21···N21 contacts at 3.258(2) Å) and D2 
dimers (S32 and N42 at 3.343(2) Å) perpendicular to the [1 0 1] plane. The monomer 
also forms a favourable Sδ+···δ-N interaction of 3.022(2) Å with the red molecule of D2.  
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Figure 2.7: Inter-stack interactions along the c-axis in 1β as viewed down the b-axis 
 
2.2.2  New Polymorphs of p-BrC6F4CNSSN (2) 
The serendipitous discovery of polymorphism in p-BrC6F4CNSSN arose from the 
sublimation of p-BrC6F4CNSSN using a bath temperature of +50 
oC and cold finger 
temperature of -2 °C which yielded the first crystallographic evidence of 2β alongside 
the known polymorph 2α (the major product). Based on preliminary SQUID magnetic 
measurements on 2, which revealed 82% S = ½ Curie spins, we estimate 73% 2α and just 
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27% 2β.  Attempts to adjust the sublimation conditions to obtain pure 2β were 
undertaken, but when the bath temperature was raised to 75 °C with the coldfinger 
temperature maintained at -2 °C and left for 18 hours 2γ was isolated. The phases were 
not able to visibly be discriminated from one another, as both crystallize as red blocks.  
The α-phase of p-BrC6F4CNSSN (2α) was discussed in section 2.1.4 and is characterized 
by its monomeric nature (Z’ = 1) and structure-directing C-Br···N contacts. 
2.2.2.1  The β-phase of p-BrC6F4CNSSN (2β)  
The β-phase of p-BrC6F4CNSSN crystallises in the monoclinic P21/n space group with 
three molecules in the asymmetric unit (Z’ = 3) consisting of a cis-oid (p-BrC6F4CNSSN)2 
dimer and a monomeric p-BrC6F4CNSSN. The intra-dimer S···S contacts are 3.060(1) and 
3.098(1) Å. These dimers then self-organize into a channel-like structure parallel to the 
crystallographic a-axis (Figure 2.8a) through (i) an SN-II interaction (S22···N32 at 
3.353(2) Å and N22···S32 at 3.216(2) Å, cf ΣvdW = 3.35 Å) and (ii) a Br∙∙∙N halogen bond 
(Br3···N31 and Br2···N21 at 3.376(2) and 3.228(2) Å respectively with angles of C24—
Br2···N21 = 163.51° and C34—Br3···N31 = 156.88°.  The monomer units are then 
encapsulated within these supramolecular cavities in channels parallel to the 
crystallographic a-axis. The closest contact between wall and monomer is the 
interaction between N11—S11 of the monomer and the S4 face of a dimer (Figure 2.8b). 
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Figure 2.8: Space-filling diagram depicting the channel structure of 2β and the 
intermolecular contacts between within the wall and channel 
(a) Space-filling channel structure of 2β comprising walls of (2β)2 and channels 
containing p-BrC6F4CNSSN monomers (just two molecules shown for clarity); (b) 
intermolecular contacts within the wall and between the wall and channel 
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The S···S contacts are 3.566(1) and 3.3321(9) Å for S11···S31 and S11···S32 respectively, 
while the N···S contacts are 3.084(2) and 3.212(2) Å for N11···S21 and N11···S22 
respectively. 
 
Figure 2.9: Crystal structures demonstrating the channels and monomer chains of 2β. 
Channels and monomer chains as viewed down the a-axis (top) and the 
arrangement of the monomer chains in the channels (bottom)  
The two anti-parallel chains of monomers within each channel are highlighted in Figure 
2.9. Pairs of antiparallel molecules are held together via dipole-dipole interactions with 
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closest contacts (black) being C14···S12 at 3.470(3) Å and C15···N12 at 3.243(4) Å. 
Additional Br1···F16 and S12···F12 contacts at 3.311(2) and 3.262(2) (orange) connect 
these radical pairs along the a-axis. 
 
2.2.2.2  The -phase of p-BrC6F4CNSSN (2γ) 
The -phase of p-BrC6F4CNSSN crystallises in the orthorhombic Pbca space group with 
two molecules in the asymmetric unit (Z’ = 2). These two molecules form a cis-oid dimer 
similar to that found in 2β with S···S contacts of 2.993(1) and 3.133(1) (Figure 2.10a). 
These dimers form additional ππ interactions (Figure 2.10b). These dimers associate to 
form SN-II contacts of 3.135(3) and 3.240(3) Å generating a tetrameric unit that is the 
main repeat unit for the bulk structure (Figure 2.10c). This tetramer also has Sδ+···δ-F 
interactions between the o-F atoms F12 and F26 of each molecule in the dimer pair 
interact with S11 and S22 of the other dimer. These contacts are equivalent for all four 
molecules of the dimer, as related by an inversion centre.  
 Chapter 2: Polymorphism in halo-substituted perfluoroaryl dithiadiazolyl radicals   
80 
 
 
Figure 2.10: Crystal structure of 2γ. 
(a) the asymmetric unit of 2γ, (b) the close π-stacking interaction between the 
two aromatic rings, and (c) the tetrameric unit of 2γ demonstrating the 
interdimer S···N and S···F contacts between dimers. 
These tetramers then form chains along the a-axis (Figure 2.11a), connected by F···F 
dispersion interactions and an Sδ+···δ-N interaction between S12 and N21, akin to those 
seen in the α-phase of p-NCC6F4CNSSN.
21 These chains are then attached by both πδ+···δ-
F interactions and three separate Br-based halogen bonds (Figure 2.11b). The first is a 
Brδ+···δ-S σ-hole interaction between Br24 and the top of S22 (aka the Br approaches the 
heterocycle perpendicular to the plane of the ring), which is sensible given that MEP 
calculations have demonstrated that the top surface of the S atoms in p-BrC6F4CNSSN 
bears a slight negative charge (Figure 2.11c, coloured green on top of blue σ-hole). This 
contact is 3.3242(9) Å, and has a C—Br···S angle of 172.40°. The second halogen bond is 
a Br···S interaction weakly electrostatic in nature, given the C14—Br14···S11 angle of 
128.20 is not consistent with a σ-hole interaction while the distance of 3.629(1) Å is 
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shorter than the sum of the van der Waals radii (3.65 Å).  The third halogen bond is a 
classical Brδ+···δ-F interaction between Br14 and F26 with a distance of 3.291(2) Å (ΣvdW 
= 3.32Å). 
 
Figure 2.11: The extended crystal packing structure of 2γ. 
Structures depict: the tetramer chain, which repeats on either side via the S···N 
contact (*)(a); the structure demonstrating the inter-chain contacts, with a 
clearer view of the S12···N21 contact (b); and an MEP surface of p-BrC6F4CNSSN 
(c). 
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2.2.3  Magneto-structural Correlations in p-IC6F4CNSSN (3) 
The structure of p-IC6F4CNSSN was first reported  in 2003, and was found to be 
isomorphous with α-p-BrC6F4CNSSN (2α).
14 At that time only a small amount of 3 was 
collected for crystallographic study and no polymorphs were observed. Given the 
isomorphous nature of 2α and 3, sublimation of p-IC6F4CNSSN was attempted using a 
cold finger with temperatures of +10 °C and 0 °C to search for other polymorphs akin to 
2β or 2γ. However both sublimations yielded small amounts of thin plates of 3 whose 
structure appeared identical to that previously determined (verified by SCXRD and PXRD 
through the temperature range of 45-70 °C). In 2β and 2γ the C-Br···N interaction in 2α 
is compromised to form other contacts. The lack of polymorphism in p-IC6F4CNSSN is 
likely due to the enhanced strength of the C-I∙∙∙N σ-hole interaction,16 thereby stabilizing 
the α-phase relative to other possible phases. Nonetheless, it was found that 
sublimation with cold tap water (10-15 °C) running through the cold finger with a bath 
temperature of 70 °C yielded a sufficient quantity of phase-pure p-IC6F4CNSSN to 
undertake magnetic measurements (vide infra).  
 
2.3  Discussion 
When comparing the two polymorphs of 1, it is interesting to note the presence of 
similar interactions in the two structures as likely structure-directing themes. Specifically 
both 1α and 1β contain (i) cis-oid dimers [although 1β also has a monomer incorporated 
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in the structure]; (ii) inter-dimer SN-II interactions with concurrent Sδ+···δ-F interactions; 
(iii) Sδ+···δ-Cl interactions between the S—S bond and Cl atoms in a head on fashion. 
 It is easy to postulate that 1α has the more enthalpically stable structure of the two due 
to its greater amount of SN-II interactions and larger number of Sδ+···δ-F and Sδ+···δ-Cl 
interactions in its close packed sheet structure. Indeed the density of 1α (2.0472 g·cm-3) 
is greater than 1β (2.0174 g·cm-3) consistent with the Density Rule22, 23 which indicates 
that the structure with the most dense packing has the greater lattice enthalpy. In 
particular dimerization enthalpies of these radicals contribute significantly to their 
lattice enthalpy and reducing the fraction of molecules dimerizing within the structure 
likely lowers their lattice enthalpies, again consistent with 1α being the enthalpically 
most stable phase and 1β being entropically favorable. Under the conditions employed 
the phase rule (Eqn. 2.1) permits concomitant polymorphs to occur. Notably the 
structure of 1β is only one of a few reported mixed monomer-dimer DTDA systems.10, 24-
26 However, it is especially interesting to note the similarity of 1β to the recently 
reported π-stacked polymorphs of p-EtOC6H4CNSSN
10 (Section 1.7). Both the β and γ 
phases of p-EtOC6H4CNSSN take on similar stacked structures to 1β, but show stacking 
patterns of ABBABB and ABBBBBBABBBBBB (i.e. 1:1 ratios of monomer:dimer and 1:3 
ratios of monomer:dimer) whereas 1β has a 1:2 monomer:dimer ratio. Monomer:dimer 
ratios in reported DTDAs are presented in Table 2.2. Notably all structures containing 
mixed monomer/dimer combinations are also polymorphic with at least one other 
polymorph being comprised of just dimers. 
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Table 2.1: Structural reports on DTDA radical crystalizing as mixtures of monomers 
and dimers 
DTDA CSD Code Monomer:Dimer Dimer Type Ref 
γ-2,6-F2C6H3CNSSN VUXZEU 2:1 
trans-
antarafacial 
26 
β-p-EtOC6F4CNSSN GEQLUM04 3:1 cis 
10 
γ-p-EtOC6F4CNSSN GEQLUM05 1:1 cis 
10 
1β  1:2 cis This work 
2β  1:3 cis This work 
 
2.3.1  Thermodynamic stability in polymorphs of 2 
The polymorphs of 2 provide another interesting look into the delicate balance between 
monomer-dimer equilibrium when a variety of thermodynamically favoured interactions 
are present alongside the DTDA dimer. In the literature monomeric 2α was isolated by 
sublimation at 80 °C onto room temperature glass under dynamic vacuum. Our 
structural observation of 2β as a concomitant polymorph of 2α occurred when using a 
cold finger set to -2 °C and a bath temperature of 50 °C. This observation is consistent 
with the 100% monomer phase 2α being the entropically favorable phase (more stable 
at elevated temperature) whereas 2β (67% dimer) being the enthalpically favorable 
form. The fact that 2γ was not isolated amongst 2α and 2β at a cold finger temperature 
of -2 °C and a bath temperature of 50 °C is consistent with the Phase rule (Eq. 2.1). 
Although the nominal substrate temperature for crystallisation of 2γ was the same as 
2α and 2β, the bath temperature was higher leading to an increased vapor pressure in 
the system. Since 2γ is made up exclusively of cis-oid dimers we propose this is the 
enthalpically most stable phase. This corroborates with the Density Rule, given that the 
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density of 2α (2.2621 g·cm-3) has a lower density than both 2β (2.2689 g·cm-3) and 2γ 
(2.2678 g·cm-3) and 2γ displays a higher density than 2β. 
In order to gain a better understanding of polymorph stability as a function of 
sublimation conditions, we considered the effect of changing the only two variables; 
bath temperature and substrate temperature. The vapor pressure of the solid correlates 
directly to the temperature of the bath being used according to the Clausius-Clapeyron 
Equation. For sublimation the vapor pressure (Pa) is related to the temperature (K) by 
Eqn 2.9: 
𝐿𝑛(𝑃)  =  𝐴 – (𝐵/𝑇)     Eq. 2.9 
Where A and B are constants and B = ΔHsub/R.
27 Thus the vapor pressure, P, is 
proportional to e-B/T and will increase exponentially with increasing temperature.  The 
bath temperature which dictates the vapor pressure will be assigned Tb. Based on Gibbs’ 
Phase rule for a single component system, P + F = 3 and taking into account the gas 
phase surrounding the cold finger, only two concomitant polymorphs can be achieved at 
any given time. The data above has also been summarized into Table 2.2 as a reminder 
of the Tcf and Tb observed for each polymorph. 
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Table 2.2: Experimental phase diagram parameters for polymorphs of 2 
 2α 2β 2γ 
Tcf (°C) 50-25 -2 -2 
Tb (°C) 80 50 75 
Monomers or 
Dimers 
Monomers Mixed Dimers 
 
We can also make thermodynamic arguments as to the net ΔH and ΔS of each 
polymorph. In regards to ΔH, if the C-I···N interaction energy of 4,4′dipyridyl/1,4-
diiodotetrafluorobenzene, a prototypical sp2 nitrogen σ-hole interaction, is 24 kJ/mol28, 
29 then the corresponding C-Br···N interactions are weaker, whereas DTDA dimers have 
been shown to have dimerisation energies of 35 kJ/mol.30-33 Thus we can generate a 
hierarchy of these interactions as: 
DTDA dimerization > C-I···N > C-Br···N 
 While other packing factors should not be entirely neglected, the DTDA dimer can be 
considered to confer the most enthalpic stability, followed by the N···Br σ-hole 
interaction, followed by SN-II, S···Br and S···F electrostatic interactions. Thus we expect 
the enthalpic stability to be in the order 2γ > 2β > 2α and the entropic stability to follow 
the opposite ranking. This suggests that 2γ would be most favoured at very low cold 
finger temperatures below -2 °C whereas 2α is favored at elevated substrate 
temperatures, both of which are consistent with experimental observation.  
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We should also consider the effect of the vapor pressure on polymorph generation. At 
high bath temperatures the vapor pressure of the radical is high and so the vapor 
pressure above the cold finger is at a non-equilibrium position and crystallisation will 
occur to move the system towards equilibrium (G = 0) and reduce the partial pressure 
of gas. The Clausius Clapeyron Equation (2.10) relates the change in pressure with 
temperature to the change in the specific entropy (s) and the change in volume v:  
𝑑𝑃
𝑑𝑇
=
∆𝑠
∆𝑣
      Eqn. 2.10 
       
For the process gas  solid, v is large in all cases and approximately constant since the 
densities do not change significantly. In this case dP/dT depends largely on s and will 
be largest when we convert from 2 DTDA (g) to (DTDA)2 (s), i.e. elevated substrate 
temperatures should favor dimer phases. This is analogous to dimerization in solution 
where dimerization becomes more favorable at higher concentrations. For example 2β 
and 2γ are both formed with a cold finger temperature of -2 oC but 2β (mixture of 
monomers and dimers) is formed when the vapor pressure is lower (Tb = 50 
oC) than 2γ 
(pure dimers) which is formed when the vapor pressure is higher (Tb = 75 
oC). 
2.3.2  The potential magnetism of 2β 
The close contacts between radicals in the channels of 2βpermits the possible 
formation of a spin ladder magnetic topology (Figure 2.12) with chains well-isolated 
from neighbouring chains in other channels via the diamagnetic dimers which form the 
channel walls. Spin ladders are a low-dimensional magnetic topology that arise as a 
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result of magnetic exchange along a chain (‘the rail’ of the ladder) and between 
equivalent chains (the ‘rung’ of the ladder).34 The system observed consists of a ‘rail’ 
coupling which will be denoted as JII between S12 and F12, while two potential ‘rungs’ – 
denoted as J – exist with Ja being the potential coupling between N12 and F16 on 
DTDA heterocycles and Jb being the potential coupling between S12 and N12.  
 
Figure 2.12: The spin ladder topology within the channels of 2β 
To investigate the potential of the system to act as a spin ladder, a series of single point 
Density Functional Theory (DFT) calculations were completed on the system at the 
UB3LYP/6-311G* level of theory with a TZVP basis set used for Br atoms, as these have 
been shown to reproduce the sign and magnitude of J exchange couplings in previous 
studies of p-BrC6F4CNSSN.
17 The magnetic exchange interaction between two 
neighbouring spins is defined by the spin Hamiltonian H = -2JS1·S2, where J is 
calculated35 from the energy, E, and expectation value, <S2>, of the triplet (T) and 
broken symmetry singlet (BSS) using the equation 
𝐽 =
−(𝐸𝑇−𝐸𝐵𝑆𝑆)
<𝑆2>𝑇−<𝑆2>𝐵𝑆𝑆
    Eqn. 2.8 
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The computed exchange couplings are shown in Table 1.1, and exchange coupling values 
in cm-1 have been included in Figure 2.12with their corresponding ladder components. 
These values reveal the ‘rail’ exchange is negligible leading to an alternating chain 
topology with a dominant ferromagnetic exchange coupling and weaker 
antiferromagnetic exchange interactions along the chain direction. Notably the 
ferromagnetic exchange coupling is large (+3.7 cm-1) and comparable with that 
computed for α-p-NCC6F4CNSSN (+10.9 cm
-1).9 Unfortunately phase pure samples of 2β 
could not be prepared for magnetic characterisation within the time limits of this thesis.   
Table 2.3: Magnetic exchange coupling values for the potential spin ladder compound 
2β 
 J (Ha) J (cm-1) J/k (K) 
JII -3.892 x 10
-8 -0.008 -0.012 
Ja +1.696 x 10
-5 +3.732 +5.428 
Jb -9.413 x 10
-7 -0.207 -0.301 
 
2.3.3  Magnetism of p-IC6F4CNSSN  
A sample of p-IC6F4CNSSN (31 mg) was measured on a dc SQUID magnetometer in fields 
between 100 and 50000 Oe and temperatures from 1.8 – 300 K.  Data were corrected 
for diamagnetism of the sample and the sample holder. In the high temperature regime 
(T > 100 K) the sample follows Curie-Weiss behavior (C = 0.381 emu·K·mol-1 and θ = -
20.5 K with R2 = 0.9995). The Curie constant, C, is close to that expected for a simple S = 
½ paramagnet with g = 2.01 (C = 0.379 emu·K·mol-1), while the negative Weiss constant 
is consistent with net antiferromagnetic interactions between spins. The temperature 
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dependence of χT shows a room temperature value of χT (0.364 emu·K·mol-1) which 
remains nearly invariant down to ca. 75 K and then decreases rapidly to ~ 0 emu·K·mol-1 
as T approaches zero Kelvin, consistent with net antiferromagnetic interactions (Figure 
2.13). The temperature dependence of χ is more informative, showing the initial 
increase in χ expected for an S = ½ paramagnet (χ  1/T) followed by passing through a 
broad maximum in χ at 20 K diagnostic of short range (low dimensional) 
antiferromagnetic ordering (Figure 2.15, vide infra). At low temperature (< 3.8 K) there 
is a small increase in χ consistent with a small contribution from S = ½ defects.  
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Figure 2.13: Plot of 1/χ versus T for p-IC6F4CNSSN with a Curie−Weiss fit (top), and the 
plot of χT versus T for p-IC6F4CNSSN (bottom) 
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In order to quantify the magnetic response single point DFT calculations on p-
IC6F4CNSSN were made to probe the strength of nearest-neighbor interactions (as 
described in section 2.2.2.1, Table 2.4). These revealed three dominant exchange 
pathways and a complex two-dimensional exchange pathway (Figure 2.14) which can be 
considered as an alternating chain model (J1 and J2) with exchange coupling between 
chains. Because the magnitude of the computed exchange coupling is similar for all 
three interactions it is not possible to approximate this system to a simpler model. As a 
consequence a number of fragments of this magnetic topology were examined to probe 
the exchange pathways. These comprised subsets of the extended structure with a total 
of 12 S = ½ spins (generating (2S+1)12 = 4096 microstates). All the models employed 
provided good agreement between observed and experimental data; Model 1 (green, 
Figure 2.14) employed a ladder model with alternating exchange along the legs and a 
regular exchange along the rungs. Models 2 and 3 used a three leg ladder model with 
either alternating exchange along the legs and J3 exchange along the rungs (Model 2) or 
regular exchange along the legs and alternating exchange along the rungs (Model 3). 
Where symmetry permitted the system to be cyclic, additional exchange coupling 
between the ends was included, e.g. for model 1 additional J1 and J2 exchange couplings 
were included to link one end of the ladder to the other end (shown as dotted lines). 
However the values of J1, J2 and J3 clearly show some variation depending on the model 
selected indicating that the model size (12 spins) is inadequate to reach convergence. 
Nevertheless all three models provided the same signs for J1, J2 and J3 i.e. J1 and J3 are 
antiferromagnetic whereas J2 is ferromagnetic, consistent with the DFT calculations. 
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Figure 2.14: Part of the magnetic topology of p-IC6F4CNSSN with the three different 
magnetic exchange pathways (J1, J2 and J3) labelled along with selected 12 spin models 
for probing the exchange coupling. 
 
Table 2.4: Magnetic models for p-IC6F4CNSSN based on twelve S = ½ spins 
Model J1 (cm
-1) J2 (cm
-1) J3(cm
-1) Residual 
“Green” (6 x 2) -13.6 ± 0.2 +18.0 ± 0.9 -10.8 ± 0.4 0.301 
“Blue” (4 x 3) -12.6 ± 0.2 +19.3 ± 1.0 -9.8 ± 0.3 0.230 
“Red” (3 x 4) -7.7 ± 0.5 +27.9 ± 1.4 -10.5 ± 0.1 0.166 
“Purple” (2 x 6) -2.3 ± 1.0 +34.0 ± 2.0 -11.2 ± 0.1 0.177 
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Figure 2.15: Plot of χ versus T for p-IC6F4CNSSN with fits to the calculated magnetic 
topologies described in Table 2.4 and Figure 2.14 
 
2.3.4  Conclusions on the magnetism of p-IC6F4CNSSN 
SQUID measurements of 2α were performed when it was first reported in 1999, yet no 
conclusive magnetic interpretation was obtained due to the presence of either 
paramagnetic impurities or sample degradation.13 Furthermore there was a necessity 
for an extra diamagnetic term when analysing the high-temperature region of the data, 
however it was not clear why it was required. The most logical model to fit this low-
dimensional, antiferromagentically coupled system predicted a maximum in χ at 24 ± 6 
K. Therefore, it was of interest to obtain SQUID measurements of phase pure p-
IC6F4CNSSN to see if any reasonable correlation to the 2α data could be made. The plot 
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of χ vs T displayed a remarkable similarity to the model that would have described the 
p-BrC6F4CNSSN data, with a broad maximum in χ at 20 K with a Weiss constant θ = -20.5 
K indicative of antiferromagnetic interactions. This verifies that the magnetic 
interpretation of 2α was correct, barring the high diamagnetic correction and S = ½ 
defects were not present. However, the presence of an extra diamagnetic constant may 
have been due to the presence of the 2β polymorph, which we now know to co-sublime 
with 2α and would lend to a greater number of diamagnetic molecules in the system 
due to the channel structure as well as a large number of paramagnetic impurities due 
to the monomers within the channels that do not magnetically couple to 2α.  
2.4  Experimental 
2.4.1  Materials and Methods 
SbPh3, LiN(SiMe3)2 were purchased from Sigma Aldrich, and C6F5CN was purchased from 
Oakwood Chemical. p-ClC6F5CN and p-BrC6F5CN were made according to literature 
methods,18 while p-IC6F5CN was made via a modified procedure outlined below. [p-
ClC6F5CNSSN][Cl], [p-BrC6F5CNSSN][Cl], and [p-IC6F5CNSSN][Cl] were synthesized as 
previously reported.14  
2.4.2  Preparation of p-IC6F4CN 
A new microwave-assisted synthesis of p-IC6F4CN was undertaken in an attempt to 
increase yield compared to when we employed the traditional method (3.2 % yield, in 
our hands). Pentafluorobenzonitrile (2.0 mL, 15.870 mmol, 1 equiv.), LiI (2.18 g, 
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16.287 mmol, 1.03 equiv) were solubilised under stirring in anhydrous DMF (12 mL) in a 
10-20 mL microwave vial.  The reaction medium was successively stirred at 140 °C for 
2 min, 20 min and 360 min. No evolution was observed between 20 min and 360 min.  
The black solution was diluted with H2O (5 mL) and extracted with Et2O (3  10 mL), 
washed successively with a saturated solution of Na2S2O3 (10 mL) and H2O (3  10 mL), 
dried with brine and over Na2SO4.  Residual starting material was removed by Kugelrohr 
distillation (145 °C; dynamic vacuum) and the enriched fraction with the desired product 
was sublimed (dynamic vacuum; cold finger with cold tap water; oil bath @42 °C) 
afforded the desired product as white needles (323.6 mg, 6.8%).  The residue left behind 
after sublimation was combined with the second fraction of the distillation and purified 
by silica column chromatography using a gradient of CH2Cl2/hexanes (15/85 to 50/50) as 
eluent. Additional p-iodobenzonitrile was recovered (81.7 mg, total yield of 8.5%) and 
the p,p-bistetrafluorobenzonitrile side product was isolated as a white shiny powder 
(1.06 g, 19.2%).   
1H NMR (300.1 MHz, CDCl3) (δ, ppm):  no signal.  
19F NMR (282.4 MHz, CDCl3) (δ, ppm):  -116.59 to -116.72 (m, 2F), -131.66 to -131.80 (m, 
2F).   
13C NMR (75.5 MHz, CDCl3) (δ, ppm): 81.7 (t, 
2JF-C = 28.0 Hz), 94.9 (t, 
2JF-C = 17.6 Hz), 
107.6 (t, 3JF-C = 3.3 Hz), 146.5 (d, 
1JF-C = 265.1 Hz), 147.7 (d, 
1JF-C = 248.1 Hz).  
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2.4.3  Preparation of (p-ClC6F4CNSSN)2 
To an oven-dried Schlenk tube, 1.542 g (4.7726 mmol) of [p-ClC6F4CNSSN][Cl] and 
0.758 g (2.1477 mmol) were added and manually mixed to ensure homogeneous 
distribution of reducing agent throughout the chloride salt. The Schlenk tube was then 
heated to 70 °C while the contents were stirred. The mixture was allowed to stir until a 
deep homogenous purple oil formed, at which point the mixture was completely 
reduced. A cold-finger was added to the Schlenk tube and the tube was placed in an ice 
bath. The Schlenk tube was then evacuated for 2 hours, after which the flask was placed 
under static vacuum. The flask was placed in a 50 °C oil bath and -10 °C isopropanol was 
circulated through the cold-finger for 3 days, after which 110 mg of dark purple needles 
were collected. The sublimation was continued twice more with a new cold-finger used 
each time to afford a total yield of 437 mg (35%).   
Single crystal x-ray diffraction of the crystalline material revealed the presence of two 
concomitant polymorphs, 1α and 1β. 
Elemental analysis calc. for C7ClF4N2S2: C 29.23%, H 0.00%, N 9.74%; found: C 29.29 %, H 
0.42%, N 10.64% 
2.4.4  Preparation of (p-BrC6F4CNSSN)2 
To an oven-dried Schlenk tube, 0.5 g (0.0014 mol) of [p-BrC6F4CNSSN][Cl] and 0.216 g 
(0.006121 mol) were added and manually mixed to ensure homogeneous distribution of 
reducing agent throughout the chloride salt. The Schlenk tube was then heated to 70 °C 
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while the contents were stirred. The mixture was allowed to stir until a deep 
homogenous purple oil formed, at which point the mixture was completely reduced. A 
cold-finger was added to the Schlenk tube and the tube was placed in an ice bath. The 
Schlenk tube was then evacuated for 2 hours, after which the flask was placed under 
static vacuum. The flask was placed in a Kugelrohr apparatus at 40 °C and -2 °C 
isopropanol was circulated through the cold-finger for 1 day, after which 88 mg of 
lustrous red needles were collected. The sublimation was continued twice more with a 
new coldfinger used each time. Total yield = 251 mg (62%).  
When the material was sublimed with Tcf = -2 °C and Tb = 50 °C, a mix of α and β phase 
was obtained when crystals were analysed by single crystal x-ray diffraction. When 
sublimed with Tcf = -2 °C and Tb = 60-75 °C, the  phase was obtained. 
Elemental analysis calc. for C7BrF4N2S2: C 25.32%, H 0.00%, N 8.44%; found: C 25.90 %, 
H 0.09%, N 8.47% 
2.4.5  Preparation of (p-IC6F4CNSSN)2 
To an oven-dried Schlenk tube, 1.3 g (0.0031 mol) of [p-IC6F4CNSSN][Cl] and 0.416 g 
(0.001179 mol) were added and manually mixed to ensure homogeneous distribution of 
reducing agent throughout the chloride salt. The Schlenk tube was then heated to 70 °C 
while the contents were stirred. The mixture was allowed to stir until a deep 
homogenous purple oil formed, at which point the mixture was completely reduced. A 
cold-finger was added to the Schlenk tube and the tube was then evacuated for 2 hours, 
after which the flask was placed under static vacuum. The flask was placed in a 
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Kugelrohr apparatus at 70 °C and -2 °C isopropanol was circulated through the cold-
finger for 5 days, after which 20 mg flaky, translucent purple material was collected. The 
remainder of the radical in the Schlenk was sublimed at 70 °C with cold tap water for 18 
hours after which 85 mg of purple needles were collected. Finally the remaining 
material was sublimed again at 75 °C for 18 hours and 172 mg of material was collected. 
Total yield = 277 mg (31 %).  
Elemental analysis calc. for C7IF4N2S2: C 22.18%, H 0.00%, N 7.39%; found: C 21.76 %, H 
0.27%, N 7.09% 
2.5  Conclusions and Future Work 
In conclusion, a second polymorph of p-ClC6F4CNSSN has been prepared as well as two 
new phases (β and γ) of p-BrC6F4CNSSN. The two systems show a propensity for mixed 
monomer-dimer systems. In both cases concomitant polymorphism was observed. A 
qualitative rationale for the dependence of cold finger and bath temperature on the 
obtained phase of p-BrC6F4CNSSN has been presented. While the structure of the β-
phase of p-BrC6F4CNSSN has a topology characteristic of a spin ladder, DFT calculations 
indicate that the ‘rail’ exchange is negligible and the system is better modelled as an 
exchange coupled alternating chain. Magnetic measurements on p-IC6F4CNSSN revealed 
net antiferromagnetic interactions between spins. DFT calculations were used to 
calculate magnetic exchange coupling constants between neighbouring spins, and 
simulations of the data suggest several possible low-dimensional exchange coupling 
systems, all qualitatively consistent with the computed DFT data.  
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With regard to future work, it is clear that polymorphism is rife in DTDA chemistry. The 
first step that should be taken is to control crystallization conditions to isolate phase 
pure material.9, 10 A series of studies of vapor pressure, enthalpy of sublimation etc 
coupled with calculations of intermolecular interactions will provide more quantitative 
insight into relative polymorph stability. In particular, 1β and 2β would be of interest to 
study magnetically. Serendipity will continue to play a role in the discovery of these new 
phases for the time being. However as more examples of radicals grown under 
controlled sublimation conditions are gathered, the selective formation of different 
polymorphs or single-phase molecular architectures will no doubt become a more 
strategic, pre-planned phenomenon.  
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Chapter 3  Radical Co-crystals as a Method for Developing Organic 
Magnets 
3.1  Introduction 
The concept of organic materials that display properties generally with associated with 
metals, such as conductivity and magnetism, have long been a chemical curiosity.  
Organic molecule conductivity was realised in the 1960s and 70s with the advent of 
(SN)x
1-3 and polyacetylene,4, 5 however organic magnetism took substantially longer to 
develop.6 This was primarily due to the requirement of having spin-bearing molecules as 
well as magnetic communication pathways between these molecules through which 
electrons can communicate throughout the crystal lattice.  
The interaction of two spins of adjacent molecules can be described according to the 
spin Hamiltonian 
𝐻 = −2𝑱𝑆1 ∙ 𝑆2 
where J is the exchange coupling interaction between spins S1 and S2. Free radicals were 
discovered early in the 1900’s7-9 but most early stable radicals possessed significant 
steric bulk that resulted in inefficient magnetic exchange interactions J for radical 
communication.10 Furthermore long-range ordered magnets require magnetic exchange 
interactions in three dimensions which depend heavily on the solid state packing of the 
free radical in question. In addition whether the interaction favors antiferromagnetic 
coupling (J < 0) or ferromagnetic coupling of spins (J > 0) is also sensitive to molecular 
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packing. The crystallisation of radicals resulting in a spontaneous magnetic moment has 
generally been through the formation of ferromagnets6, 11-18 or weak ferromagnets (aka 
canted antiferromagnets).19-22 In the case of ferromagnets, ferromagnetic (FM) 
exchange interactions are required in all three dimensions and leads to a maximum 
spontaneous magnetic moment, M, in zero field described by:  
𝑀𝑆 = 𝑔𝑆 
where g is the g-value of the radical and S is the spin of the molecule. For organic 
molecules g ~ 2.0 and s = ½ leading to a moment of 1 Nβ. In the case of weak 
ferromagnets, antiferromagnetic (AFM) interactions dominate but the presence of an 
antisymmetric Dzyaloshinskii-Moriya exchange term results in spin canting to form a 
non-zero spontaneous magnetic moment. This magnetic moment is much smaller and 
defined by the equation:  
𝑀𝑆 = 𝑔𝑆 ∙ 𝑠𝑖𝑛𝜃 
where θ is the spin-canting angle. Since θ typically is less than 0.1° for organic radicals 
where g ∼ 2.00 the spontaneous moment is typically less than 2 x 10-3 Nβ.23 Although 
the spontaneous moment is much smaller than that observed for true ferromagnets, it 
is readily detected during magnetic measurements. 
The first long-range ordered organic magnet was reported in 1991 by Kinoshita; the β-
phase of p-nitrophenyl nitronyl nitroxide, p-NPNN (Figure 3.1a) orders as a ferromagnet 
at 0.60 K.6 This discovery meant that the fulfillment of the design principles mentioned 
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above were possible and reinforced by the discovery of the diaza-adamantane 
bisaminoxyl radical (Figure 3.1b) which orders as a ferromagnet at 1.48 K.14 While these 
results drove the search for other ordering nitroxide radicals, ordering temperatures of 
almost all nitroxide radicals were still under liquid helium temperatures. However the 
discovery of the charge transfer salt [C60][TDAE] (TDAE = tetra(dimethylamino)ethene, 
Figure 3.1c) made a significant advancement in ordering temperature, ordering as a 
ferromagnet at 16.1 K and demonstrating that organic radicals were capable of ordering 
well above liquid helium temperatures.12 Thiazyl magnets would then set a landmark for 
the field of organic magnets, with the β-phase of p-NCC6F4CNSSN (Figure 3.1d) ordering 
as a canted antiferromagnet at 36 K,19 increasing to 70 K under pressure,24 and the 
bis(1,2,3-dithiazolyl) IBBO ordering as a canted antiferromagnet at 35 K (Figure 3.1e).20 
Notably the more diffuse orbitals of the heavier p-block elements and lack of steric 
protection provide much stronger magnetic communication,25 leading to higher 
magnetic ordering temperatures. 
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Figure 3.1: Some notable examples of long range ordered organic magnets 
While a variety of examples of organic ferromagnets and canted antiferromagnets have 
now been identified, obtaining ferrimagnets remains the most difficult challenge in 
organic magnetism. Ferrimagnets are those in which antiferromagnetic interactions 
dominate, but one spin moment is larger in magnitude than the other leading to a net 
spontaneous magnetic moment. Some strategies to generate organic ferrimagnets have 
been proposed. There are two common general approaches which have been 
employed; either (i) designing individual molecules in which there is a combination of 
ferro- and antiferro-magnetic interactions leading to molecules with a non-zero ground 
state and hoping for these radicals to crystallise so that there is a net spin generated 
from the magnetic interactions between molecules or (ii) using crystal engineering 
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principles to design co-crystals containing two radical building blocks; typically one with 
S = ½ and the other with S > ½.  
The first strategy to obtain an organic ferrimagnet was proposed in 1989 by Itoh et al., 
based on an asymmetric poly-carbene species with an oxygen bridge to facilitate 
intramolecular antiferromagnetic interactions between the S = 1 and S = 2 “arms”, 
generating an S = 1 ground state (Figure 3.2).26 Unfortunately there was no evidence for 
bulk ferrimagnetism. Takui would go on to continue testing this single-molecule 
approach with chemically more robust nitroxide radicals.27-37 
 
Figure 3.2: Itoh’s polycarbene ferrimagnet 
The second major strategy for obtaining organic ferrimagnets was proposed shortly 
after by Yamaguchi et al. in 1990, in which they hypothesized that the use of a donor-
acceptor with a radical appended to one of the components would allow for an inherent 
co-crystallisation of S=1/2 with S=1 or 3/2 components that could interact in an 
antiferromagnetic fashion (Figure 3.3).38  
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Figure 3.3: Proposed strategy for organic ferrimagnets using Donor-Acceptor 
complexes 
Sugawara took this general concept of co-crystallisation to publish a seminal 
communication on mixed spin-multiplicity co-crystals in 1994 in JACS.39 In this work, 3,5-
dinitrophenylnitronyl nitroxide, an S = 1/2 mono-radical, was co-crystallised with 1,3-
bis(nitronyl nitroxide)benzene, an S = 1 di-radical with ferromagnetically coupled spins, 
to yield a columnar stack of alternating S = ½ and S = 1 spins (Figure 3.4). Unfortunately 
the intramolecular exchange between S = ½ spins to generate an S = 1 spin building 
block was inefficient and the system was better considered as three S = ½ spins, 
precluding the observation of true ferrimagnetism. Nonetheless it highlighted an 
approach to specifically engineering crystalline ferrimagnetic materials.40 This work was 
also explored by Takui who elegantly used radicals appended to complimentary DNA 
base pairs to form co-crystals,41-44 or through co-crystallizing sodium salts of anion-
bearing radicals with those appended to crown ethers to facilitate different 
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supramolecular assemblies.45, 46 However, none of these molecules were found to 
display three-dimensional ferrimagnetic ordering as the S = 1 diradical often tended to 
acts as two separate S = ½ spins, resulting in low-dimensional magnetic phenomena.  
 
Figure 3.4: Sugawara’s mixed spin co-crystal 
This strategy spurred a variety of other studies into crystal engineering organic 
ferrimagnets,47-50 but it wasn’t until 2001 when two very similar and genuine organic 
ferrimagnets were discovered separately and simultaneously by the labs of Inoue51 and 
Takui based on triradical building blocks.52 Inoue used a combination of intramolecular 
ferro- and antiferro-magnetic interactions between three S = ½ spins to generate an S = 
½ net spin building block whereas Takui implemented ferromagnetic interactions 
between S = ½ spins to generate an S = 3/2 building block.  The radicals of Inoue (Figure 
3.5, left) and Takui (Figure 3.5, right) and their unique crystal packings and spin 
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alignments are shown below. The radicals each had extremely similar, but very low, 
magnetic ordering temperatures (Tc = 0.28 K
51, 53 and Tc = 0.26 K
52) due to the weak 
intra- and inter-molecular exchange coupling. This leaves significant room for 
improvement to access higher magnetic ordering temperatures.   
 
Figure 3.5: The only known examples of organic ferrimagnets. 
Discovered by Inoue (left) and Takui (right). Both rely on serendipitous assembly 
of 3D antiferrimagnetic exchange interactions.  
As such it is imperative to not only find a robust method to develop solid state 
structures containing two different radicals. In this chapter, we propose a new approach 
to generate organic ferrimagnets and introduce a robust method for the strategic 
crystallisation of radicals in the solid state that will facilitate the iterative discovery of 
organic materials exhibiting magnetic properties.  
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3.2  Results and Discussion 
3.2.1  A new theory for generating organic ferrimagnets 
As described previously, the main strategy to form organic ferrimagnets is the co-
crystallisation of mono- and di-radicals such that the antiferromagnetic coupling 
between the S = ½ and the S = 1 diradical spins generates a net S = ½ magnetic moment. 
Here we propose a new method that doesn’t rely on differences in molecular spin 
quantum number but rather the co-crystallisation of two different S = ½ radicals with 
differing g-values to yield a non-zero magnetic moment.  
In the simplest case, we consider a co-crystal formed from two S = 1/2 radicals A and B 
in a 1:1 ratio, then the spontaneous moment arising in the case of the radicals 
antiferromagnetically coupling would be given by the fundamental equation of 
magnetism for a two-spin system, 
𝑀𝑆 = 𝑔𝐴𝑆𝐴 − 𝑔𝐵𝑆𝐵 =
1
2
|𝑔𝐴 − 𝑔𝐵| 
where gA and gB are the g values for radical A and B, respectively, and SA and SB are the 
spin values for radicals A and B, typically SA = SB = ½. The net moment derived from 
antiferromagnetic exchange coupling between SA and SB is therefore proportional to the 
difference in g-value for the two magnetic building blocks. The successful 
implementation of this approach requires the co-crystallisation of radicals with strongly 
disparate g-values. The inclusion of heavier p-block elements leads to greater spin-orbit 
coupling since λ scales with Z4 and results in greater deviations in g from the free 
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electron value of ge = 2.0023.
54 For example, TEMPO and nitronyl nitroxide radicals 
exhibit g ∼ 2.00,55 whereas DTDA radicals exhibit g ∼ 2.0156 and diselenadiazolyl radicals 
(DSDA) exhibit g ∼ 2.04.57 With these values in mind, a 1:1 co-crystal of a nitroxide 
radical with a DSDA radical would give rise to a spontaneous magnetic moment of the 
order of 2 x 10-2 Nβ, an order of magnitude larger than that previously observed through 
conventional spin-canting mechanisms in radicals.23 Even smaller differences in g-tensor 
can lead to observable non-zero magnetic moments, e.g. a 1:1 co-crystal of a nitroxide 
radical and a DTDA radical would yield a magnetic moment of 5 x 10-3 Nβ, which is 
comparable to the canted-antiferromagnet p-NCC6F4CNSSN (1.5 x 10
-3 Nβ). The co-
crystallisation of such systems are, to the best of our knowledge, completely 
unexplored. While many co-crystals of g ∼ 2.00 radicals have been demonstrated (see 
review above), co-crystals of heavier main group radicals with g > 2.00 are sparse. 
Previous studies by Rawson and Haynes have demonstrated that multi-radical co-
crystals can be obtained, exemplified by [PhCNSSN][C6F5CNSSN] or [PhCNSSN][NC5F-
4CNSSN].
58, 59 However each of these systems form spin-paired dimers resulting in (i) 
quenched paramagnetism and (ii) their similar g-values would afford a negligible 
magnetic moment even if they retained their paramagnetism. It is also important to 
note that attempts to cocrystallise heavy main group radicals has previously suffered 
from phase separation due to the thermodynamic stability of the precursors as 
compared to the co-crystal for various combinations of non-fluorinated and 
perfluorinated ArCNSSN radicals.59 This is significant, given the well-established 
structure-directing π-stacking interactions of electron rich and deficient π systems.60 Co-
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crystals incorporating two types of thiazyl radicals are limited to the singular example of 
[PhCNSSN][S3N2]Cl, though both components of this co-crystal also have similar g-values 
and form a spin-paired pancake bond between the hetero-dimer akin to the other DTDA 
π*-π* dimers and co-crystals.61 
3.2.2  Synthetic targets for engineered co-crystals 
It has been demonstrated that the DTDA heterocycle bears a significant area of δ+ 
charge in the centre of the disulfide bridge which forms efficient supramolecular 
contacts with moieties bearing a δ- charge. This type of supramolecular aggregation was 
successfully implemented in the structure-directing nature of CNδ-···Sδ+ interactions in p-
NCC6F4CNSSN and other cyano-functionalized DTDAs
62 as well as NO2
δ-···Sδ+ interactions 
in p-O2NC6F4CNSSN.
16, 19 Even in the absence of structure directing groups DTDA radicals 
form variously Sδ+···πδ- to electron-rich aryl groups or Sδ+···Nδ- interactions to the N atom 
of a DTDA ring. Similar structure-directing interactions have also been observed in DSDA 
radicals.63 With this in mind, we hypothesized that combining a dithiadiazolyl radical 
with a low g-value radical like TEMPO, which bears clear δ- charge on its oxygen, could 
result in formation of a 1:1 [DTDA][TEMPO] co-crystal (Figure 3.6a) in which structure-
directing Sδ+···Oδ- interactions could additionally lead to strong magnetic exchange 
between DTDA and TEMPO radicals. Replacement of DTDA radicals by DSDAs would 
provide an order of magnitude increase in spontaneous magnetic moment.  
 As a first foray into this area we implemented a range of DTDA radicals with different R 
groups with the intention of iteratively observing differences in packing and co-crystal 
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formation such that a hierarchical set of supramolecular synthons could be identified 
and applied to other systems.64 The first dithiadiazolyl radials investigated were 
PhCNSSN and C6F5CNSSN, both of which have previously been shown to form co-
crystals, as well as their selenium congeners PhCNSeSeN and C6F5CNSeSeN. We also 
investigated DTDAs with strongly directing supramolecular synthons with p-XC6F4CNSSN 
(X = Cl, Br, I, CN) in which the radicals themselves retained their paramagnetism in the 
solid state rather than dimerize. Specifically p-XC6F4CNSSN (X = Br, I) might form N
δ-··· 
Xδ+ sigma holes, but in the presence of TEMPO might alternatively lead to competition 
with Xδ+···Oδ- (Figure 3.6b). Conversely the X = CN and NO2 may form S
δ+···Xδ- interactions 
which can compete with Sδ+···Oδ-.65, 66  
 
Figure 3.6: Illustration of hypothesized DTDA/TEMPO S—Sδ+···δ-O—N interaction and 
the proposed alternative interaction between Xδ+···δ-O—N (X = I, Br). 
DTDA/TEMPO S—Sδ+···δ-O—N interaction shown in (a), and the proposed 
alternative interaction between Xδ+···δ-O—N (X = I, Br) shown in (b). 
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3.2.3  Syntheses 
The DTDA radicals were prepared according to the common literature methods from p-
XC6F4CN.
56 Para-halobenzonitriles, p-XC6F4CN (X = Cl, Br, I), were synthesized according 
to the prep of Birchall, Haszeldine and Jones.67 The substituted benzonitrile was then 
reacted with lithium bis(trimethylsilyl)amide to form the N-lithio benzamidinate salt.68 
This was then condensed with SCl2 to form the chloride salt, [RCNSSN][Cl]. The method 
of reduction to the radical proved important since the low-melting fluorinated 
derivatives form oils with common solvents like DCM, THF, or MeCN, however original 
preparations done in liquid SO2 avoided this issue.
66 To avoid ‘oiling’, reduction followed 
Haynes’ “solvent-free” method;59 a solid state mixture of the DTDA and SbPh3 was 
heated to 70 °C generating molten SbPh3 and reduces the DTDA chloride salt, leading to 
formation of a dark paste. Because mixing may not be entirely homogeneous, a slight 
deficit (0.4 – 0.45 equiv.) of SbPh3 was used to minimize the amount of any unreacted 
SbPh3, which sublimes at low temperatures.
58 The radical, p-XC6F4CNSSN, was then 
sublimed in vacuo at temperatures less than 70 °C in yields ranging from 35 – 62%. The 
heavier selenium, DSDA, radicals were prepared in a similar fashion. 
Co-crystals were synthesized by combining a selected thiazyl or selenazyl radical with 
TEMPO in a 1:1 mole ratio a Schlenk tube and stirring in dry DCM for 2 hours under a 
nitrogen atmosphere. The solvent was then removed, a cold-finger inserted into the 
Schlenk and crystalline material recovered by vacuum sublimation. Based on the 
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stoichiometry of the cocrystal determined by X-ray diffraction, the stoichiometry was 
adjusted in further preparations. Specific experimental details can be found vide infra.  
3.2.4  Crystallographic Studies and Characterisation 
3.2.4.1  [C6F5CNSSN]2[TEMPO] 
[C6F5CNSSN]2[TEMPO] crystallizes in the monoclinic space group Cc, with one and a half 
molecules in the asymmetric unit located around a crystallographic 2-fold rotation axis. 
The structure comprises one cis-oid DTDA dimer and a TEMPO radical (Figure 3.7). The 
dimer displays intra-dimer S…S contacts of 2.974(1) Å, shorter than those observed in 
pristine [C6F5CNSSN]2, and has ring torsion angles of 36.2(9)° and 32.1(9)°, which are 
smaller than the 40.7(2)° and 37.1(2) angles observed in pristine [C6F5CNSSN]2. The 
DTDA dimer interacts with the TEMPO in a “head-to-head” fashion forming four close 
δ+S···Oδ- contacts of 2.907(3) Å to symmetric S11 atoms and 2.924(3) Å to symmetric S12 
atoms with an S4 centroid···O distance of 2.282 Å. This type of multi-centre interaction 
to all four atoms of a cis-oid DTDA dimer is not unknown, observed in particular in those 
structures of DTDA chloride salts.61, 69-76 The C2NO mean plane of the TEMPO radical is 
twisted by 56.91o to the two crystallographically equivalent CNSSN ring planes.  
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Figure 3.7: The crystal structure of [C6F5CNSSN]2[TEMPO] 
The acentric polar Cc space group means the co-crystal structure is polar. Each 
[C6F5CNSSN]2[TEMPO] sub-unit aligns co-parallel with the previous one related via a 
simple translation along the crystallographic c-axis with additional S∙∙∙π interactions 
(3.455(3) Å between S12 and C12, Figure 3.8c) between chains (Figure 3.8). When 
viewed along the chain direction a set of four symmetry equivalent inter-dimer S···N 
contacts of 4.026(3) Å can be seen between [C6F5CNSSN]2 dimers (Figure 3.8b). 
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Figure 3.8: Crystal packing of [C6F5CNSSN]2[TEMPO] 
(a) Co-parallel co-crystal chains extending down the c-axis, viewed from the a-
axis; (b) view of the chains down the c-axis demonstrating inter-dimer SN 
contacts between chains; and (c) demonstration of inter-chain contacts.  
Dissolution of crystalline [C6F5CNSSN]2[TEMPO] in THF afforded an EPR spectrum 
demonstrative of a mixture of C6F5CNSSN and TEMPO radicals in a 1.44:1 ratio, a little 
lower than the expected 2:1 ratio based on the crystal structure but not unreasonable 
given the propensity of DTDA radicals to form EPR silent dimers in concentrated 
solutions.77 EPR measurements on microcrystalline [C6F5CNSSN]2[TEMPO] dissolved in 
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dry THF  revealed an intense 1:1:1 triplet with aN = 15.671 G indicative of TEMPO, while 
a second overlapping species consisting of a pentet with aN = 5.056 and aF = 1.673 is 
associated with C6F5CNSSN. Simulation of the first derivative spectrum (R
2 = 0.984) 
afforded relative ratio of 1.23:1 C6F5CNSSN:TEMPO (Figure 3.9). 
 
Figure 3.9: EPR spectrum of [C6F5CNSSN]2[TEMPO] in THF at 183.2 K 
 
3.2.4.2  Structure of [C6F5CNSeSeN]2[TEMPO] 
[C6F5CNSeSeN]2[TEMPO] crystallizes in the triclinic space group 𝑃1̅, with three 
molecules in the asymmetric unit consisting of one cis-oid C6F5CNSeSeN dimer and a 
TEMPO radical (Figure 3.10). The dimer displays asymmetric intra-dimer Se···Se contacts 
of 3.1330(8) and 3.1895(7) Å, shorter than the symmetric 3.197(2) Å observed in pristine 
[C6F5CNSeSeN]2, and has ring torsion angles of 39.01° and 42.13°, which are larger than 
3300 3350 3400 3450
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Experimental 
Simulation 
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the 38.80° angle observed in pristine [C6F5CNSeSeN]2. The DSDA dimer interacts with 
the TEMPO in a similar head-to-head fashion as that observed in [C6F5CNSSN]2[TEMPO], 
sharing four close δ+Se···Oδ- contacts [Se4···O 2.897(5) Å; Se2···O 2.996(4) Å; Se1···O 
3.301(3) Å; and Se3···O 3.348(4) Å, mean 3.136 Å]. While the four N—O···S contacts 
found in [C6F5CNSSN]2[TEMPO] were crystallographically symmetric and perpendicular 
to the S4 frame, the approach of TEMPO to the Se4 frame is distorted with an N-
O···Se4(centroid) angle of 69.08° (Figure 3.10, bottom).  
 
Figure 3.10: Crystal structure of [C6F5CNSeSeN]2[TEMPO]. 
(top) The asymmetric unit of [C6F5CNSeSeN]2[TEMPO] and (bottom) top-down 
view down the a*-axis demonstrating the asymmetric approach of the TEMPO 
to the DSDA dimer. 
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Unlike [C6F5CNSSN]2[TEMPO], [C6F5CNSESEN]2[TEMPO] does not form co-parallel 
alignment of molecules. Instead pairs of [C6F5CNSESEN]2 dimers are located about a 
crystallographic inversion centre leading to formation of tetrameric units with 
intermolecular δ+Se···Nδ- contacts of 2.914(6) and 3.024(6) Å (Figure 3.11a), a feature 
shown to be a common structure director in perfluorinated DSDA radicals.57 Additional 
intermolecular δ+Se···Nδ- contacts (3.664(4) – 4.133(5) Å) between DSDA dimers 
generate slipped π-stacks down the crystallographic a-axis (Figure 3.11b and c). 
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Figure 3.11: Crystal packing of [C6F5CNSeSeN]2[TEMPO]. 
(a) SN-II type intermolecular contacts between DSDA dimers, (b) stacks of 
tetramers running down the a-axis, viewed from the b-axis, and (c) stacks of 
dimers running down the a-axis, viewed from the c-axis. 
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EPR measurements on microcrystalline [C6F5CNSeSeN]2[TEMPO] dissolved in dry DCM 
(Figure 3.12) revealed an intense 1:1:1 triplet with aN = 15.48 G indicative of TEMPO, 
with a broad singlet associated with C6F5CNSeSeN. The greater anisotropy of the DSDA 
ring leads to line broadening in solution and hyperfine coupling to N or Se is not 
observed in isotropic solution spectra.78, 79 Simulation of the second derivative spectrum 
(R2 = 0.998) afforded a 0.67:1 ratio of C6F5CNSeSeN:TEMPO, significantly lower than the 
2:1 ratio expected based on the crystal structure. However previous studies on 
[PhCNSSN]2 reveal significant dimerisation even at very low concentrations
80 and DFT 
studies indicate an even more substantial dimerization enthalpy in solution than DTDA 
radicals.57 
 
Figure 3.12: EPR spectrum of [C6F5CNSeSeN]2[TEMPO] in CH2Cl2 
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3.2.4.3  Structure of [p-ClC6F4CNSSN]2[TEMPO] 
[p-ClC6F4CNSSN]2[TEMPO] crystallizes in the monoclinic space group P21/c with three 
molecules in the asymmetric unit consisting of a (p-ClC6F4CNSSN)2 cis-oid dimer and a 
TEMPO radical (Figure 3.13). The dimer possesses asymmetric S···S contacts of 3.034(1) 
and 2.970(1) Å, which are comparable with the pristine α and β phases of p-
ClC6F4CNSSN (3.0318(7) – 3.1051(9) Å, Chapter 2). Ring torsion angles are 37.18° and 
28.72°, slightly smaller than those seen in the α and β phases of pristine p-ClC6F4CNSSN 
(38.36° – 41.46°, Chapter 2). In this case the DTDA dimer interacts with the TEMPO in a 
head to tail fashion with asymmetric S···O contacts. Unlike [C6F5CNSeSeN]2[TEMPO] 
where the asymmetry comes from a displacement of the O towards one Se∙∙∙Se ‘edge’, 
the displacement in [p-ClC6F4CNSSN]2[TEMPO] is towards one DTDA heterocycle (a 
formally bonded S−S ‘edge’). The short δ+S···Oδ- contacts to one DTDA radical are S11···O 
2.807(3) Å, S12···O 2.787(3) Å and the longer δ+S···Oδ- contacts to the second DTDA 
radical are S21···O 3.264(3) Å, and S22···O 3.131(4) Å. The TEMPO radical is almost 
twisted perpendicular to the DTDA dimer, with twist angles of the C2NO plane relative to 
each DTDA ring plane of 53.84° and 54.74°. 
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Figure 3.13:  The asymmetric unit of [p-ClC6F4CNSSN]2[TEMPO] 
The [p-ClC6F4CNSSN]2[TEMPO] units self-organize to form supramolecular chains that 
form supramolecular ribbons parallel to the b-axis. Here the closest intermolecular 
contacts appear to be Cl···F halogen bonds ranging from 2.914(2) to 3.197(2) Å to ortho-
substituted fluorines (ΣvdW = 3.22 Å), falling in the range commonly observed for Cl∙∙∙F 
interactions (Figure 3.14a) [234 hits of the 2017 CSD revealed Csp2-Cl···F-Csp2 contacts > 
2.82 Å, mean 3.13 Å but no clear maximum in distance suggesting rather weak 
interactions (Figure 3.14b)). Conversely the strong directionality of this interaction (C—
Cl···F angles of 178.4(1)° and 177.2(1)°) appear consistent with a sigma-hole type 
interaction which is prevalent for heavier halogens interacting with electronegative 
elements, e.g. I···N or I···O.81 A review of the 234 hits in the CSD described above show a 
clear maximum in C-Cl···F angle in the range 140 - 160o. In the current case the electron-
withdrawing nature of the perfluoro-aryl ring likely enhances the sigma hole on Cl 
making it a better acceptor. These 2D layers further stack along the c-axis via S∙∙∙π close 
contacts of 3.438(4) Å (Figure 3.14c). 
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Figure 3.14: Crystal packing of [p-ClC6F4CNSSN]2[TEMPO] and CSD structural data 
regarding the halogen-halogen interactions in the co-crystal. 
(a) Halogen-bonded herringbone chain as viewed down the c-axis; (b) CSD 
structural database reports for Csp2-Cl···F-Csp2 contact distances and angles; and 
(c) inter-layer stacks shown down the a-axis. 
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To verify the co-crystal identity, EPR measurements were taken of crystals of [p-
ClC6F4CNSSN]2[TEMPO] in dry DCM (Figure 3.15). The EPR spectrum contains an intense 
1:1:1 triplet with aN = 15.70 G indicative of TEMPO, while a second overlapping species 
consisting of a pentet with aN = 5.63 is associated with p-ClC6F4CNSSN. Simulation of the 
second derivative spectrum (R2 = 0.974) afforded relative ratio of 1.13:1 p-
ClC6F4CNSSN:TEMPO.  
 
Figure 3.15: EPR spectrum of [p-ClC6F4CNSSN]2[TEMPO] in CH2Cl2 
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3.2.4.4  Structure of [p-BrC6F4CNSSN]2[TEMPO] 
[p-BrC6F4CNSSN]2[TEMPO] also crystallizes in the monoclinic space group P21/c and is 
isostructural with [p-ClC6F4CNSSN]2[TEMPO]. The structure comprises three molecules in 
the asymmetric unit consisting of a cis-oid (p-BrC6F4CNSSN)2 dimer and a TEMPO radical 
(Figure 3.16). The dimer displays intra-dimer S···S contacts of 2.979(2) Å, which is 
smaller than those observed in the β (3.060(1) - 3.098(1)) and γ (2.993(1) - 3.133(1) Å) 
phases seen in Chapter 2. The ring torsion angles of 22.18° and 31.58° are smaller than 
the 25.66° and 35.34° angle observed in the β phase and smaller than those seen in the 
γ phase (35.78° and 41.09°). The DTDA dimer interacts with the TEMPO in a head-to-
head fashion with the TEMPO remaining relatively central to the S4 frame. Again the 
contacts to one of the two DTDA rings appear slightly shorter than contacts to the 
second DTDA ring with δ+S···Oδ- contacts of S11···O 3.134(4) Å, S12···O 3.052(4) Å, 
S21···O 2.922(4) Å, and S22···O 2.787(4) Å. The C2NO plane of the TEMPO radical is 
almost twisted perpendicular to the DTDA dimer, with twist angles of 88.58° and 88.54° 
relative to each DTDA ring representing the largest twist observed in DTDA-TEMPO co-
crystals described in this chapter.   
 
Figure 3.16: The asymmetric unit of [p-BrC6F4CNSSN]2[TEMPO] 
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The packing of [p-BrC6F4CNSSN]2[TEMPO] (Figure 3.17a) reveals the bromine atoms 
form similar sigma-hole type interactions to ortho-F atoms; Br24…F16 at 3.152(3) Å 
(ΣvdW = 3.32 Å) with a C—Br···F angle of 171.6(2)°.81  The C-Br···F interaction shows 
similar angular dependence to the C-Cl···F interaction but now a more well defined 
maximum in Br···F distance (3.18 Å) suggesting a more significant energy minimum 
(Figure 3.17b). These supramolecular chains layers stack along the c-axis via S∙∙∙π and 
N∙∙∙π close contacts of 3.477(6) and 3.212(7) Å, respectively, as well as an Me∙∙∙F close 
contact of 2.568 Å between TEMPO and BrC6F4CNSSN radicals (Figure 3.17c).  
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Figure 3.17: Crystal packing of [p-BrC6F4CNSSN]2[TEMPO] 
(a) Halogen-bonded herringbone chain as viewed down the c-axis; (b) CSD 
structural database reports for Csp2-Br···F-Csp2 contact distances and angles; and 
(c) inter-layer stacks shown down the a-axis. 
Insufficient sample of [p-BrC6F4CNSSN]2[TEMPO] was obtained for EPR studies within 
the timeframe of this project. Additional experiments are currently underway to obtain 
more crystalline material for these measurements.  
 Chapter 3: Radical Co-crystals as a Method for Developing Organic Magnets   
131 
 
3.2.4.5  Structure of [p-IC6F4CNSSN]2[TEMPO]  
The structure of [p-IC6F4CNSSN]2[TEMPO] provides a unique look at a DTDA radical that 
has never yet been observed as a dimer in the solid state. The radical p-IC6F4CNSSN 
appears to form only a single polymorph (orthorhombic Aba2) which contains S = ½ 
monomers (Chapter 2). Conversely [p-IC6F4CNSSN]2[TEMPO] crystallizes in the 
monoclinic space group P21/n, with three molecules in the asymmetric unit consisting of 
a cis-oid (p-IC6F4CNSSN)2 dimer and a TEMPO radical (Figure 3.18). The dimer displays 
intra-dimer S···S contacts of 3.0020(7) and 3.0115(8) Å, comparable with other DTDA cis-
oid dimers. The C6F4I rings torque out of plane with the DTDA ring at angles of 48.85° 
and 47.69°, forming a π stacking interaction between the Fδ- atoms and the electron-
poor πδ+ cloud. The iodo substituent and the perfluorinated phenyl ring lends a larger 
amount of steric bulk to this co-crystal than those previously described, and such 
structures often tend to exhibit “bowing” to maximise DTDA dimer contacts while 
allowing for substituents to remain far apart. This bowing is calculated as the angle, β, 
between the para substituent, the phenylene ring, and the carbon of the DTDA 
heterocycle, and deviations from 180° reflect steric-induced molecular distortions.57 In 
this case, the dimer molecules exhibit bowing angles of 173.62° and 176.11°, which is a 
significant distortion when compared to other sterically strained molecules.67 The DTDA 
dimer interacts with the TEMPO in a head-to-head fashion with the TEMPO remaining 
relatively central to the S4 frame, sharing four nearly identical close 
δ+S···Oδ- contacts of 
ranging from 2.822(2) to 3.035(2) Å. The TEMPO radical is significantly twisted relative 
to the DTDA dimer, with twist angles of 75.69° and 77.30° relative to each DTDA ring. 
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Figure 3.18: The asymmetric unit of [p-IC6F4CNSSN]2[TEMPO] 
Unlike [p-XC6F4CNSSN]2[TEMPO] (X = Cl, Br) which exhibit structure-directing C-X···F-C 
interactions, the packing of [p-IC6F4CNSSN]2[TEMPO] appears to be dictated by C—I···N 
sigma-hole interactions [I14···N22 (3.188(2) Å) and I24···N11 (2.978(2) Å)] (Figure 3.19a). 
These contacts are well within the sum of the van der Waals radii of I and N (3.53 Å), 
and have near linear C—N∙∙∙I angles of 172.58° and 167.97° indicative of the σ-hole 
directionality associated with such bonds (Figure 3.19b).81 Another key structure-
directing interaction present in this co-crystal is the side-on SN-II interaction seen 
between N21···S12 and N12···S21 in two neighboring anti-parallel dimers, analogous to 
the Se···N contacts in [C6F5CNSeSeN]2[TEMPO].  
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Figure 3.19: Crystal packing of [p-IC6F4CNSSN]2[TEMPO] 
(a) View of [p-IC6F4CNSSN]2[TEMPO] down the a-axis; (b) CSD structural 
database reports for Csp2-I···F-Csp2 contact distances and angles. 
The most interesting aspect of this structure is that the [p-IC6F4CNSSN]2 units can be 
considered to form supramolecular channels parallel to the crystallographic a-axis linked 
through C-I···N and SN-II S···N contacts (blue and yellow molecules, Figure 3.20). These 
channels are reminiscent of those seen in Chapter 2 for the β-phase of p-BrC6F4CNSSN, 
with 6 DTDA dimers forming the channel walls. Each channel contains two TEMPO 
molecules (Figure 3.20).  
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Figure 3.20: Supramolecular channels in p-IC6F4CNSSN 
(a) View of the supramolecular channels and intermolecular contacts down the 
a-axis; (b) space-filling model of the channels down the a-axis; and (c) a side-on 
view of the TEMPO packing within the channels (front dimers have been 
removed for clarity). 
To verify the co-crystal identity, EPR measurements were taken of crystals of [p-
IC6F4CNSSN]2[TEMPO] dissolved in dry DCM (Figure 3.21). The EPR spectrum contains an 
intense 1:1:1 triplet with aN = 15.71 G indicative of TEMPO, while a second overlapping 
species consisting of a pentet with aN = 5.19 G consistent with p-IC6F4CNSSN. Simulation 
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of the second derivative spectrum (R2 = 0.967) afforded relative ratio of 4:1 p-
IC6F4CNSSN:TEMPO, much greater than the expected 2:1 ratio based on the crystal 
structure. However this is likely due to a deficiency of the significantly more volatile 
TEMPO radical arising during co-sublimation (vide infra). 
 
Figure 3.21: EPR spectrum of [p-IC6F4CNSSN]2[TEMPO] in CH2Cl2 
 
3.2.4.6  Structure of [p-NCC6F4CNSSN]2[TEMPO] 
Given the dimerization of the normally monomeric p-IC6F4CNSSN radical when 
contained within the cocrystal [p-IC6F4CNSSN]2[TEMPO], we decided to extend these 
studies to the p-NCC6F4CNSSN radical whose two known α and β polymorphs are both 
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monomeric19, 82 Indeed the CN···S interaction is, by and far, the most heavily utilized 
structure-directing group in thiazyl radical chemistry.83-88 In particular we were 
interested to see whether the propensity for CN···S interactions would outcompete the 
N-O···S interactions offered by TEMPO. The former was expected to lead to potential 
phase separation whereas the latter would favor co-crystal formation. We found that 
the reaction of p-NCC6F4CNSSN and TEMPO produced the now ubiquitous 2:1 co-crystal 
[p-NCC6F4CNSSN]2[TEMPO] reflecting the robust nature of these N-O···S interactions.  
[p-NCC6F4CNSSN]2[TEMPO] crystallizes in the triclinic space group 𝑃1̅, with three 
molecules in the asymmetric unit consisting of a cis-oid (p-NCC6F4CNSSN)2 dimer and a 
TEMPO radical (Figure 3.22). The dimer displays intra-dimer S···S contacts of 3.0281(7) 
and 3.0195(7) Å, which is similar to other DTDA cis-oid dimers. The steric hindrance 
between aryl rings is much more evident in this structure than that seen in [p-
IC6F4CNSSN]2[TEMPO]. The rings do not exhibit significant bowing (β = 178.28 and 
177.35) but are clearly separated with a centroid-to-centroid distance of 5.786 Å and 
the angle between DTDA dimers being 36.28° (for comparison, the p-IC6F4CNSSN dimer 
angle is 21.97, while more bulky DTDA dimers tend to crystallize in non-cis-oid 
structures70, 84, 89). While one of the phenylene rings displays a modest twist of 42.19° 
with respect to the DTDA ring, the other is more heavily torqued at 66.59° relative to 
the DTDA ring. This permits an intra-dimer ortho-F···π interaction with F···C interactions 
ranging from 2.860(2) Å for F26···C12 and 3.535 Å for F26···C6F4CN centroid. The DTDA 
dimer interacts with the TEMPO in a head-to-head fashion with four nearly identical 
δ+S···Oδ- contacts ranging from 2.790(2) to 2.914(2) Å, similar to the other co-crystals. 
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Figure 3.22: The asymmetric unit of [p-NCC6F4CNSSN]2[TEMPO] 
The [p-NCC6F4CNSSN]2 dimers align antiparallel to one another along the 
crystallographic b-axis (Figure 3.23a). This is favored by the antiparallel alignment of the 
molecular dipoles as well as lateral CN···S-N contacts between the C17N13 cyano 
substituent and the N12S12 of one of the DTDA rings. This contact is also observed in 
the α-phase of p-NCC6F4CNSSN as a structural feature aside from the CN
δ-···Sδ+ 
synthon.90  These dimer pairs are also linked through δ-F∙∙∙πδ+ interactions between 
F16···C24—C23 (not shown in Figure 3.23a for clarity). The views down the b-axis (Figure 
3.23b) and c-axis (Figure 3.23c) further demonstrate the supramolecular chain 
alignment of these dimers. 
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Figure 3.23: Crystal packing of [p-NCC6F4CNSSN]2[TEMPO]. 
Supramolecular chains of [p-NCC6F4CNSSN]2[TEMPO] as viewed down the a-axis 
(a), down the b-axis (b), and down the c-axis (c). 
To verify the co-crystal identity, EPR measurements were taken of crystals of [p-
NCC6F4CNSSN]2[TEMPO] in dry DCM (Figure 3.24). The EPR spectrum contains an intense 
1:1:1 triplet with aN = 15.73 G indicative of TEMPO, while a second overlapping species 
consisting of a pentet with aN = 5.27 G consistent with p-NCC6F4CNSSN. Simulation of 
the second derivative spectrum (R2 = 0.958) afforded relative concentration values 
consisting of 1.05:1 p-NCC6F4CNSSN:TEMPO. 
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Figure 3.24: EPR spectrum of [p-NCC6F4CNSSN]2[TEMPO] in CH2Cl2 
 
3.2.5  Discussion 
In this chapter, we have successfully demonstrated the synthesis of radical co-crystals of 
TEMPO with p-XC6F4CNSSN (X = F, Cl, Br, I, CN) and C6F5CNSeSeN that demonstrate a Δg 
that would make them inherent candidates for ferrimagnets. Remarkably the N-O···S 
interaction appears a remarkably robust synthon, stronger than the CN···S interaction 
normally considered structure-directing in DTDA chemistry. However it is notable that 
attempts to form co-crystals of PhCNSSN or PhCNSeSeN with TEMPO failed, resulting in 
phase separation and isolation of the TEMPO and the DTDA or DSDA radical. It appears 
necessary for the aryl ring to be perfluorinated to promote such N-O···S interactions. 
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Recent work by Haynes and Rawson indicated that perfluorination significantly 
enhances the Sδ+ character of the disulfide bridge. 91 
While we initially hypothesized a 1:1 co-crystal due to the potential for bifurcated N-
O···S (or N-O···Se) interactions, the 2:1 co-crystal stoichiometry was not surprising in 
retrospect based on recent work that demonstrates that DTDA monomers bear a 
significant electropositive charge associated with the S-S bridge but an even more 
enhanced partial charge associated with a highly electropositive S4 face.
92 Given that 
phase separation did not occur, it can be concluded that the robust S4
δ+··· δ-O—N 
synthon is stronger directing than the simple C6F5CNSSN or C6F5CNSeSeN dimer. It also 
suggests that the combination of the DTDA dimer and the inter-dimer SN contacts found 
in PhCNSSN93 and PhCNSeSeN94 are enough to prevent co-crystal formation.   
The next co-crystals to be synthesized were the isostructural pair [p-
ClC6F4CNSSN]2[TEMPO] and [p-BrC6F4CNSSN]2[TEMPO]. Each forms a C-X
δ+···Fδ--C 
halogen bond, which is sensible given that both chlorine and bromine are known to 
develop σ-holes when attached to fluorinated substituents.95 However it is notable that 
(i) the structures of the α, β, and γ phases of p-BrC6F4CNSSN are heavily dictated by the 
C-Br∙∙∙N σ-hole interaction, not a C-Br···F-C interaction and (ii) there is no evidence 
within the α and β phases of p-ClC6F5CNSSN for structure-directing sigma hole 
interactions. This suggests that (i) the S4
δ+··· δ-O—N synthon is stronger directing than 
the C-Brδ+··· Nδ- σ-hole and (ii) the p-Cl σ-hole is not strong enough to direct structure.  
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The [p-IC6F4CNSSN]2[TEMPO] and [p-NCC6F4CNSSN]2[TEMPO] co-crystals were also 
synthesized. The two parent DTDA radicals have only ever been isolated as monomers in 
the solid state and both exhibit strong structure directing interactions, viz C-I···N and 
CN···S interactions respectively. The latter is established as a robust supramolecular 
synthon in DTDA chemistry.62 The loss of the CN···S interaction reflects the strength of 
the S4
δ+··· δ-O—N synthon in favoring co-crystal formation. It is noteworthy that the C-
I∙∙∙N σ-hole interaction is present in both pristine p-IC6F4CNSSN and [p-
IC6F4CNSSN]2[TEMPO] but likely arises from the fact that these two sets of interactions 
are not mutually exclusive whereas CN···S and N-O···S interactions to the disulfide 
bridge are mutually incompatible.  All of these observed supramolecular synthons, when 
considering these crystals and other structures that may have exhibited them, provide a 
qualitative measure of the strength of these synthons when available in the same crystal 
structure, shown in Figure 3.25. 
 
Figure 3.25: Qualitative hierarchy of supramolecular interactions in thiazyl/TEMPO co-
crystals 
In regards to the synthesis of these compounds, single crystals of excellent quality were 
grown when the cold-finger was maintained below 0 °C. However yields of these low-
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temperature sublimates were typically low and required several preparations to obtain 
significant amounts of product. However when cold tap water (T ≈ 12 °C) was used high 
purity material was more difficult to obtain with elemental analysis on bulk samples 
often revealing the presence of excess free TEMPO or DTDA (or DSDA) radical while 
optical studies revealed sublimation of phase pure DTDA or TEMPO on top of the 
crystals. Thus the formation of cocrystals appears favored at low temperature but 
mixtures of cocrystal and phase separated species occurring at more elevated 
temperatures. 
Another feature analyzed was the approach angle of the TEMPO N—O moiety. In the 
spin Hamiltonian 𝐻 = −2𝑱𝑆1 ∙ 𝑆2, the term 2J = 2K – 4St where 2K is the potential 
exchange integral energy term between AFM and FM spin arrangements (favouring the 
FM arrangement according to Hund’s rules), S is the orbital overlap integral, and t is the 
hopping integral associated with sharing the electron over two sites.96 When there is 
good orbital overlap S > 0 and therefore J < 0 indicative of an AFM interaction, whereas 
when there is poor orbital overlap (e.g. when magnetic orbitals are orthogonal) S = 0 
and therefore J > 0 indicative of FM interactions. As such, the angle and position with 
which the TEMPO SOMO interacts with the DTDA ring has the potential to determine 
whether the spins will interact in an FM or AFM fashion (Figure 3.26a). While all of the 
co-crystals provide opportunity for the DTDA radical to dimerise quenching their 
magnetism precluding direct observation of FM or AFM interactions, it is of interest to 
consider how the nature of the supramolecular geometry between DTDA and TEMPO 
radicals will change the magnetic interaction. In a 1:1 DTDA:TEMPO cocrystal the orbital 
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overlap between TEMPO oxygen p-orbital and the π-system of the S-S bridge is 
orthogonal irrespective of twist angle provided the TEMPO is located in the DTDA ring 
plane. Displacement from the ring plane leads to a switch in exchange coupling to 
antiferromagnetic (Figure 3.26a)  
 
Figure 3.26: Pictorial representation of FM and AFM bonding motifs in hypothetical 
1:1 DTDA:TEMPO co-crystals and representations of TEMPO-dimer interactions in this 
chapter. 
(a) FM and AFM bonding motifs in hypothetical 1:1 DTDA:TEMPO co-crystals; (b) 
pictorial representation of TEMPO-dimer interactions in the co-crystals 
presented in this chapter.  
Conversely when we consider the 2:1 cocrystals in which the TEMPO oxygen is located 
at the centroid of the S4 unit, exchange coupling is sensitive to orientation. When the π 
system of the NO lies perpendicular to the orientation of the p-clouds of the two DTDA 
radicals this leads to a net bonding interaction and “AFM exchange” whereas when the 
TEMPO aligns so that the C2NO plane is coparallel with the DTDA planes then the 
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TEMPO π-orbital is orthogonal to the (DTDA)2 frontier orbital (Figure 3.26b), essentially 
equivalent to that observed in [p-BrC6F4CNSSN]2[TEMPO].  
EPR measurements were undertaken to verify the stoichiometry of the DTDA:TEMPO 
co-crystals. Integrated EPR ratios were not a perfect 2:1 DTDA:TEMPO as expected 
based on the crystallographically determined stoichiometry.  This can be attributed to 
several issues: firstly DTDAs exhibit a monomer/dimer equilibrium in solution which 
means the percentage monomer present is affected not only by temperature (more 
monomer at higher temperatures) but also by concentration. The presence of dimers in 
solution therefore lead to experimentally determined ratios < 2:1. In addition 
contamination of samples prepared at elevated cold-finger temperatures leads to over-
coverage of TEMPO which can lead to excess TEMPO present (EPR samples of 
C6F5CNSESEN and XC6F4CNSSN where X = Cl, I, CN were grown using T ≈ 12 °C tap water).  
We also investigated whether EPR could be used to probe any potential differences in 
the strength of S4···O—N or Se4···O—N interactions. Mugnaini et al demonstrated a 
notable increase in TEMPO line width when TEMPO was dissolved in liquid halogen 
bonding acceptors like C6F5I or C8F17I,
97 and we hypothesized that similar increases or 
decreases in peak to peak line width might be observed in our co-crystals if the 
supramolecular synthon was sufficiently robust to be retained in solution. The results of 
the study are shown in Table 3.1.  
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Table 3.1: EPR parameters of RCNSSN2 : TEMPO co-crystals
a 
R-CNSSN 
TEMPO 
(pristine) 
C6F5CNSe
SeN 
C6F5
 b p-ClC6F4 p-IC6F4 p-NCC6F4 
TEMPO 
giso
 1.923782 2.006091 2.006010 2.005532 2.005662 2.005490 
TEMPO 
aN (Gpp) 
15.75 15.48 5.671 15.70 15.71 15.74 
TEMPO   
line width 
(pp) (G) 
2.43 5.14 1.28 2.43 2.28 2.43 
Thiazyl 
giso 
— 2.038897 2.010193 2.010060 2.009933 2.010190 
Thiazyl  
aN (Gpp) 
— 4.92 5.056 5.63 5.19 5.29 
Thiazyl  aF 
(Gpp) 
— — 1.673 — — — 
Thiazyl  
aSe (Gpp) 
— 13.03 — — — — 
Ratio 
Thiazyl:TE
MPO 
— 0.66:1 1.23:1 1.13:1 4:1 1:1 
(a) All parameters obtained from simulations of the 2nd derivative EPR spectrum. 
Spectra obtained at RT in dry DCM unless otherwise noted. 
(b) The spectrum of C6F5CNSSN was obtained at 183.2K in THF 
 
The first observation made is that the peak to peak correlation Mugnaini suggested does 
not appear to be consistent with the electron-withdrawing nature of the para 
substituent, given that EPR of [DTDA]2[TEMPO] all demonstrate equivalent or near 
equivalent values to pristine TEMPO. This is likely attributable to the high dilution of 
these samples resulting in the breaking of the DTDA dimer and therefore preventing the 
S4···O interaction that would cause a change in the oxygen environment (only 1-2 mg of 
crystals were isolated for EPR measurements, 0.6 mL of solution used for each sample). 
This is also reflected in the similar TEMPO aN couplings for X = Cl, I, and CN, though some 
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decrease is noted. More detailed variable temperature and variable concentration 
studies are required which will permit the monomer-dimer equilibrium in DTDA (and 
DSDA) radicals to be probed (using the TEMPO as an internal reference) and therefore 
permit measurement of linewidth variation to be undertaken under similar conditions. 
3.3  Experimental 
3.3.1  Materials and Methods 
All manipulations were carried out using standard inert atmosphere techniques. All 
solvents were dried using a series of Grubbs’-type columns. Lithium 
bis(trimethylsilyl)amide, SbPh3 and tetrafluoroterephthalonitrile were purchased from 
Sigma-Aldrich and was used without further purification. TEMPO and 
pentafluorobenzonitrile were purchased from Oakwood Chemical. TEMPO was sublimed 
under vacuum prior to use to remove minor impurities, and pentafluorobenzonitrile was 
used without further purification. Nitriles p-ClC6F4CN, p-BrC6F4CN, and p-IC6F4CN were 
synthesized according to literature methods.67 All chloride salts were synthesized 
according to the standard literature method of direct condensation of the amidinate 
intermediate with SCl2.
98 C6F5CNSeSeN,
57 p-IC6F4CNSSN,
66 and p-NCC6F4CNSSN
16 were 
synthesized as previously reported, while C6F5CNSSN,
59 p-ClC6F4CNSSN,
99 and p-
BrC6F4CNSSN
84 were synthesized as reported with slight modifications. 
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3.3.2  Preparation of (C6F5CNSSN)2
58 
To an oven-dried Schlenk, 500 mg (1.6305 mmol) of [C6F5CNSSN][Cl] and 259 mg of 
SbPh3 (0.7337 mmol) were added and manually mixed to ensure homogeneous 
distribution of reducing agent throughout the chloride salt. The Schlenk tube was then 
heated to 70 °C while the contents were stirred. The mixture was allowed to stir until a 
deep homogenous purple oil formed, at which point the mixture was considered to be 
completely reduced. A cold-finger was added to the Schlenk tube and the tube was 
placed in an ice bath. The schlenk tube was then evacuated for 2 hours, after which the 
flask was placed under static vacuum. The flask was placed in a 30 °C oil bath and -2 °C 
isopropanol was circulated through the cold-finger for 10 days, after which 230 mg of 
large, iridescent red blocks were collected. Yield = 58%. 
3.3.3  Preparation of (p-ClC6F4CNSSN)2 
To an oven-dried Schlenk tube, 1.542 g (4.7726 mmol) of [p-ClC6F4CNSSN][Cl] and 0.758 
g (2.1477 mmol) of SbPh3 were added and manually mixed to ensure homogeneous 
distribution of reducing agent throughout the chloride salt. The Schlenk tube was then 
heated to 70 °C while the contents were stirred. The mixture was allowed to stir until a 
deep homogenous purple oil formed, at which point the mixture was completely 
reduced. A cold-finger was added to the Schlenk tube and the tube was placed in an ice 
bath. The Schlenk tube was then evacuated for 2 hours, after which the flask was placed 
under static vacuum. The flask was placed in a 50 °C oil bath and -10 °C isopropanol was 
circulated through the cold-finger for 3 days, after which 110 mg of dark purple needles 
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were collected. The sublimation was continued twice more with a new cold-finger used 
each time to afford a total yield of 437 mg (37.55%).   
Elemental analysis  calc. for C7ClF4N2S2: C 29.23%, H 0.00%, N 9.74%; found: C 29.29 %, 
H 0.42%, N 10.64% 
3.3.4  Preparation of (p-BrC6F4CNSSN)2 
To an oven-dried Schlenk tube, 0.5 g (0.0014 mol) of [p-BrC6F4CNSSN][Cl] and 0.216 g 
(0.006121 mol) were added and manually mixed to ensure homogeneous distribution of 
reducing agent throughout the chloride salt. The Schlenk tube was then heated to 70 °C 
while the contents were stirred. The mixture was allowed to stir until a deep 
homogenous purple oil formed, at which point the mixture was completely reduced. A 
cold-finger was added to the Schlenk tube and the tube was placed in an ice bath. The 
Schlenk tube was then evacuated for 2 hours, after which the flask was placed under 
static vacuum. The flask was placed in a Kugelrohr apparatus at 40 °C and -2 °C 
isopropanol was circulated through the cold-finger for 1 day, after which 88 mg of 
lustrous red needles were collected. The sublimation was continued twice more with a 
new coldfinger used each time. Total yield = 251 mg (62%).   
Elemental analysis calc. for C7BrF4N2S2: C 25.32%, H 0.00%, N 8.44%; found: C 25.90 %, 
H 0.09%, N 8.47% 
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3.3.5  Preparation of [C6F5CNSSN]2[TEMPO] 
To an oven-dried Schlenk tube, 50 mg (0.1844 mmol) of C6F5CNSSN and 29 mg (0.1844 
mmol) of TEMPO were added. The solids were dissolved in 20 mL of dry DCM and stirred 
for 2 hours. The solvent was then removed by low-pressure evaporation to yield a dark 
purple solid. A cold-finger was added once all solvent was removed and the Schlenk 
tube was evacuated over an ice bath for 2 hours. The Schlenk was then kept under static 
vacuum and placed in a 25 °C oil bath with 0 °C isopropanol circulating through the cold-
finger. After 2 days single-crystalline dark green-black metallic blocks were observed on 
the cold-finger and were found to be the 2:1 co-crystal [C6F5CNSSN]2[TEMPO]. Yield = 30 
mg (47%).  
Elemental analysis calc. for C23H18F10N5OS4: C 39.54%, H 2.60%, N 10.02%; found: C 
30.94%, H 0.31%, N 10.79%, corresponding to the co-crystal with an additional 2 
C6F5CNSSN molecules contaminating per co-crystal.  
3.3.6  Preparation of [C6F5CNSeSeN]2[TEMPO] 
To an oven-dried Schlenk tube, 50 mg (0.1370 mmol) of C6F5CNSeSeN and 21 mg 
(0.1370 mmol) of TEMPO were added. The solids were dissolved in 20 mL of dry CH2Cl2 
and stirred for 12 hours. The solvent was then removed by low-pressure evaporation to 
yield a dark purple solid. A cold-finger was added once all solvent was removed and the 
Schlenk tube was evacuated for 6 hours. The Schlenk was then kept under static vacuum 
and placed in a 40 °C oil bath with -2 °C isopropanol circulating through the cold-finger. 
After 3 days, 4 mg of single-crystalline dark green-black metallic blocks are seen on the 
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cold-finger and were found to be a 2:1 co-crystal of C6F5CNSeSeN and TEMPO, 
respectively. A subsequent reaction was done with 38 mg of C6F5CNSeSeN (2 equiv) and 
8 mg of TEMPO (1 equiv) in a 52 °C Kugelrohr apparatus with a 6 °C water-cooled 
coldfinger and yielded 36 mg of microcrystalline material (raw yield = 78%). Analytical 
data that suggests sufficient purity of this co-crystal is still in the process of being 
obtained. 
3.3.7  Preparation of [p-ClC6F4CNSSN]2[TEMPO] 
To an oven-dried Schlenk tube, 65 mg (0.2260 mmol) of p-ClC6F4CNSSN and 17 mg 
(0.1130 mmol) of TEMPO were added. The solids were dissolved in 20 mL of dry CH2Cl2 
and stirred for 2 hours. The solvent was then removed by low-pressure evaporation to 
yield a dark purple solid. A cold-finger was added once all solvent was removed and the 
Schlenk tube was evacuated over an ice bath for 2 hours. The Schlenk was then kept 
under static vacuum and placed in a 29 °C oil bath with 6 °C water circulating through 
the cold-finger. After 2 days single-crystalline dark purple blocks are seen on the cold-
finger and were found to be a 2:1 co-crystal of p-ClC6F4CNSSN and TEMPO, respectively. 
Yield = 43 mg (52%).  
3.3.8  Preparation of [p-BrC6F4CNSSN]2[TEMPO] 
To an oven-dried Schlenk tube, 50 mg (0.1506 mmol) of p-BrC6F4CNSSN and 24 mg 
(0.1506 mmol) of TEMPO were added. The solids were dissolved in 20 mL of dry CH2Cl2 
and stirred for 1 hour. The solvent was then removed by low-pressure evaporation to 
yield a dark purple solid. A cold-finger was added once all solvent was removed and the 
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Schlenk tube was evacuated over an ice bath for 2 hours. The Schlenk was then kept 
under static vacuum and placed in a 45 °C Kugelrohr apparatus with -2 °C isopropanol 
circulating through the cold-finger. After 6 hours a few single crystal, dark purple blocks 
were seen on the cold-finger and the sublimation was stopped. The crystals were found 
to be a 2:1 co-crystal of p-BrC6F4CNSSN and TEMPO, respectively.  
3.3.9  Preparation of [p-IC6F4CNSSN]2[TEMPO]  
To an oven-dried Schlenk tube, 100 mg (0.2638 mmol) of p-lC6F4CNSSN and 40 mg 
(0.2638 mmol) of TEMPO were added. The solids were dissolved in 15 mL of dry DCM 
and stirred for 2 hours. The solvent was then removed by low-pressure evaporation to 
yield a dark purple solid. A cold-finger was added once all solvent was removed and the 
Schlenk tube was evacuated for 2 hours. The Schlenk was then kept under static vacuum 
and placed in a 60 °C Kugelrohr apparatus with 12 °C water circulating through the cold-
finger. After 4 days single-crystalline dark purple blocks are seen on the cold-finger and 
were found to be a 2:1 co-crystal of p-IC6F4CNSSN and TEMPO, respectively. Yield = 27 
mg (19%).  
Elemental analysis calc. for C23H18F8I2N5OS4: C 30.21%, H 1.98%, N 7.66%; found: C 
26.76%, H 1.25%, N 7.37%, corresponding to the co-crystal with 1.96 p-lC6F4CSSN 
molecules contamination per co-crystal.  
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3.3.10  Preparation of [p-NCC6F4CNSSN]2[TEMPO]  
To an oven-dried Schlenk tube, 100 mg (0.3594 mmol) of p-NCC6F4CNSSN and 46 mg 
(0.2995 mmol) of TEMPO were added. The solids were dissolved in 15 mL of dry CH2Cl2 
and stirred for 2 hours. The solvent was then removed by low-pressure evaporation to 
yield a dark purple solid. A cold-finger was added once all solvent was removed and the 
Schlenk tube was evacuated for 2hours. The Schlenk was then kept under static vacuum 
and placed in a 60 °C Kugelrohr apparatus with 15 °C water circulating through the cold-
finger. After 5 days single-crystalline dark purple blocks are seen on the cold-finger and 
were found to be a 2:1 co-crystal of p-IC6F4CNSSN and TEMPO, respectively. Yield = 40 
mg (27.40%).  
3.4  Conclusions and Future Work  
In this chapter a new theory for forming organic ferrimagnets is proposed in which co-
crystallised radicals of differing g-values are co-crystalised such that their difference in g 
results in an inherent magnetic moment when coupled antiferromagnetically. 
Experimentally co-crystals were obtained on sublimation of DTDA and DSDA radicals 
with TEMPO which all adopt a [DTDA]2[TEMPO] or [DSDA]2[TEMPO] stoichiometry in 
which the TEMPO interacts with the π*-π* dimer via an S4
δ+···δ-O—N supramolecular 
synthon. This synthon is demonstrated to be a robust templating interaction, as it 
formed even when using radicals such as p-IC6F4CNSSN and p-NCC6F4CNSSN which are 
considered to be extremely strongly structure directing in the literature. Unfortunately 
the efficient π*-π* pancake bonding between DTDA (and DSDA) radicals renders the 
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[DTDA]2 subunit diamagnetic, precluding an examination of the DTDA···TEMPO and 
DSDA···TEMPO magnetic interactions. Nevertheless the current study provides some 
details on the hierarchy of supramolecular structure-directing interactions. These can 
assist future attempts can be made to break the dimer via incorporating multiple 
thermodynamically favourable interactions. These synthons can hopefully be 
manipulated to afford 1:1 co-crystals in future experiments.  
Future work should first include the repetition of these experiments to obtain larger 
amounts of pure crystalline material to complete analytical data (CHN and EPR). 
Variable temperature solution EPR experiments will allow for determination of the 
DTDA monomer/dimer equilibrium and the effect this equilibrium has on TEMPO aN 
couplings. Investigations are currently underway in regards to investigating more 
sterically encumbered radicals, such as (F3C)3C6H2CNSSN, as a method for obtaining 1:1 
co-crystals via steric inhibition of dimerisation. Extension to other radicals such as 
nitronyl nitroxides as well as inclusion of other supramolecular synthons such as NO2 
and multi-DTDA systems are also being studied as potential candidates for radical co-
crystal ferrimagnets which may lead to more interesting divergent supramolecular 
architectures. 
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Chapter 4  Expanding the Family of Dithiadiazolyl Complexes of Group 
10 Phosphines 
4.1  Introduction 
As discussed in Chapter 1, DTDA radicals have the ability to undergo oxidative addition 
reactions with low-valent metals like Pd(0) and Pt(0). These reactions initially form 
paramagnetic monometallic complexes which can be considered as either (i) a 16 e- 
square planar metal(II) centre with a paramagnetic ligand or (ii) as a 17 e- metal complex 
with diamagnetic ligand. These monometallic complexes disproportionate to form 
trimetallic complexes of formula M3(RCNSSN)2(PR3)4, of which reported complexes 
include  Pd3(PhCNSSN)2(PPh3)4,
1 Pt3(PhCNSSN)2(PPh3)4,
1 Pt3(PhCNSSN)2(dppe)2,
2 Pd3(4-
pyCNSSN)2(PPh3)4,
3 Pd3(4-pyCNSSN)2(dppf)4,
3 and Pd3(3-pyCNSSN)2(PPh3)4.
3 The general 
methodology of synthesising these complexes involves the reaction of zero valent 
phosphines M(PPh3)4 or M(dppe)2 (M = Pt, Pd) with the DTDA radical at room 
temperature (Figure 4.1).4 Alternatively work by Wong et al. reacted Pd2(dba)3 with 4-
pyDTDA and dppf in toluene to synthesize Pd3(dppf)2(4-pyCNSSN)2.
1, 3  
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Figure 4.1: General route to Pd3(RCNSSN)2(PR3)4 complexes showing some of the 
common phosphines and DTDAs used to date (shown in boxes), as well as those which 
have been used in the current studies. 
In this chapter, we investigate three aspects of Pd and Pt DTDA metal complexation 
chemistry. Firstly we aim to extend the more versatile reaction chemistry of Wong, 
building upon (i) the use of Pd2(dba)3 as a convenient starting material, removing the 
need to form individual metal phosphines and (ii) utilizing microwave methods to 
minimise the reaction time, as demonstrated in other areas of oxidative addition 
research in the Rawson group.5-7 Secondly we will study the stability of the trimetallic 
core towards variation in phosphine or DTDA radical. To date the only published 
structures of Pd3 and Pt3 complexes implemented phenyl and pyridyl substituents and 
PPh3 and were found to be isostructural (Figure 4.2).  
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Figure 4.2: Previously reported M3(RCNSSN)2(PR3)4 crystal structures. 
(a) Pd3(PhCNSSN)2(PPh3)4, (b) Pd3(4-pyCNSSN)2(PPh3)4, and (c) 
Pt3(PhCNSSN)2(PPh3)4 
In this context we wish to address (i) fluoroaryl DTDA radicals where the inductive effect 
of the fluoroaryl group should make the DTDA a weaker donor and (ii) phosphines in 
which the sterics of the phosphine can be tuned through modification of the cone angle 
and/or degree of ring strain in the case of chelate phosphines. The Tolman cone angle is 
defined as the angle formed by the periphery of a phosphine’s R groups (assuming 
rotation around the phosphine to form an averaged “cone”) and the metal centre to 
which the phosphine is bound (Figure 4.3). This angle was found to correlate inversely to 
the binding strength and metal back-bonding of phosphines by Tolman after studying 
crystallographic bond distances, NMR equilibrium studies, and IR spectroscopic studies.8 
In the current studies, the phosphines employed and their cone angles were PPh3 
(145°), PPh2
iPr (150°) and PBn3 (165°). The ‘bite angle’ for chelating phosphines 
describes the angle between the two chelating phosphorus atoms and the metal centre 
to which they are bound. The bite angle has a significant effect on complex stability and 
is heavily influenced by the chelate backbone. For example, small bite angle phosphines 
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like diphenylphosphinomethane (dppm, 71.71°) exhibit highly strained backbones often 
form bridging complexes due to their inability to properly chelate whereas larger, less 
constrained backbone phosphines like diphenylphosphinopropane (dppp, 91.08°) form 
chelates with minimal strain and larger bite angles (Figure 4.3).9   
 
Figure 4.3: Pictorial representations of the Tolman Cone angle and the chelate bite 
angle 
Finally we also investigate the possibility of forming new monometallic 
M(RCNSSN)(PR3)2 or trimetallic M3(RCNSSN)2(PR3)4 complexes via the substitution of 
PPh3 from the monometallic Pt(PhCNSSN)(PPh3)2 (Figure 4.4). Unlike Pd which 
exclusively forms trimetallic Pd3(PhCNSSN)2(PR3)4 complexes, the slower kinetics of Pt 
chemistry permits the isolation of the intermediate monometallic complex upon initial 
reaction of the zero-valent metal phosphine complex with RDTDA via oxidative addition. 
Traditionally these reactions were done by forming the appropriate phosphine 
precursor (e.g. Pt(PPh3)4 or Pt(dppe)2).
2 While other chelate phosphine derivatives could 
be prepared from appropriate Pt(0) phosphines (or by using Pt2(dba)3 in the presence of 
a phosphine), we wondered if complexes bearing chelating phosphines could be formed 
by displacement of monodentate PPh3 via the chelate effect.
10-12 In this manner, the 
only starting material required would be Pt(PPh3)4, a more temperature stable and 
robust precursor than Pt2(dba)3. Furthermore, proof of such substitutions could allow 
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for simple synthesis of complexes with ligands such as bipy or phenanthroline, which 
could lend interesting optical properties or charge transfer phenomena to these 
complexes.     
 
Figure 4.4: Synthesis of monometallic Pt(PhCNSSN)(PPh3)2 and proposed ligand 
exchange reaction 
 
4.2  Results  
4.2.1  General Synthesis of Pd3(RCNSSN)2(PR3)4 Complexes  
A general synthetic microwave methodology was chosen to ensure consistency across 
all synthesized metal complexes. One equivalent of Pd2(dba)3 was added to a 5 mL 
microwave vial with two equivalents of the corresponding phosphine, PR3, and one 
equivalent of DTDA radical, and 5 mL of dry toluene was added and allowed to pre-stir 
for 30 seconds. This pre-stir immediately yields a green reaction mixture. The mixture 
was then stirred at 100 °C for 15 minutes under microwave conditions. Reactions were 
then filtered, washed to remove dba, free RDTDA and free phosphine in accordance 
with the solubility of the prepared metal complex. In previous syntheses 
microcrystalline material was obtained by boiling the trimetallic complex in either DCM, 
CHCl3, or MeCN to obtain the solvate, and single crystals suitable for x-ray diffraction 
were obtained by slow diffusion. In initial studies the known complex 
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Pd3(PhCNSSN)2(PPh3)4 was collected as a deep red powder and re-crystallized by 
layering Et2O over a CHCl3/DCM solution. 
31P and 1H NMR spectroscopy of the crystalline 
material confirmed it to be the known trimetallic complex, Pd3(PhCNSSN)2(PPh3)4. This 
methodology was then applied to a range of new phosphine complexes and the initial 
orange-red material precipitated from these reactions was found to be pure by NMR, 
although evidence for phosphine contamination was evident in the case of PBn3. 
Generally yields of the crystalline complexes were low but provided samples adequate 
for study by X-ray diffraction. 
 
4.2.2  Crystal Structures of Pd3(PhCNSSN)2(PR3)4 Complexes  
The family of Pd3(PhCNSSN)2(PR3)4 has been expanded to include PBn3, PPh2
iPr, and 
dppp phosphines (Figure 4.5). Selected bond lengths and bond distances of the family of 
Pd3(PhCNSSN)2(PR3)4 are presented in Table 4.1 alongside the previously reported 
Pd3(PhCNSSN)2(PPh3)4 complex.
1  
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Figure 4.5: Crystal structures of Pd3(PhCNSSN)2(PR3)4 complexes (H atoms and solvent 
molecules omitted for clarity)   
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Table 4.1: Selected bond lengths and bond angles for the Pd3(PhCNSSN)2(PR3)4 family 
[data for Pd3(PhCNSSN)2(PPh3)4 taken from reference 1] 
PPh3 (145°) PBn3 (165°) PPh2
iPr (150°) dppp 
𝑃1̅ 𝑃1̅ 𝑃1̅ P21/n 
Bond Length (Å) 
Pd2-P4 2.344(3) Pd1-P2 2.3370(9) Pd2-P1 2.3387(8) Pd2-P1 2.303(1) 
Pd2-P2 2.322(3) Pd1-P1 2.3288(7) Pd2-P2 2.3325(8) Pd2-P2 2.301(1) 
Pd2-S4 2.402(4) Pd1-S1 2.3705(9) Pd2-S11 2.3636(8) Pd2-S11 2.3716(9) 
Pd2-S3 2.359(3) Pd1-S2 2.3846(7) Pd2-S12 2.3795(8) Pd2-S12 2.360(1) 
Pd1-S4 2.345(3) Pd2-S1 2.3327 Pd1-S11 2.3277 Pd1-S11 2.3408 
Pd1-S3 2.332(3) Pd2-S2 2.3202 Pd1-S12 2.3415 Pd1-S12 2.3500 
S4-N4 1.65(1) S2-N2 1.668(3) S11-N11 1.647(3) S11-N11 1.662(3) 
S3-N3 1.63(1) S1-N1 1.657(3) S12-N12 1.653(3) S12-N12 1.656(3) 
C8-N3 1.33(1) C1-N2 1.329(5) C10-N11 1.334(3) C10-N11 1.330(5) 
C8-N4 1.31(1) C1-N1 1.317(4) C10-N12 1.325(4) C10-N12 1.326(5) 
S3···S4 3.0498 S1···S2 3.022(1) S11···S12 3.0288(9) S11···S12 3.063(1) 
Bond Angle (°) 
P2-Pd2-
P4 
102.3(1) 
P1-Pd1-
P2 
103.04(3) 
P1-Pd2-
P2 
102.76(3) 
P1-Pd2-
P2 
95.91(4) 
S3-Pd2-
S4 
79.7(1) 
S1-Pd1-
S2 
80.05(3) 
S11-Pd2-
S12 
79.37(3) 
S11-Pd2-
S12 
80.69(3) 
P4-Pd2-
S4 
89.8(1) 
P1-Pd1-
S1 
88.58(3) 
P1-Pd2-
S11 
87.98(3) 
P1-Pd2-
S11 
91.68(3) 
P2-Pd2-
S3 
90.3(1) 
P2-Pd2-
S2 
88.35(3) 
P2-Pd2-
S12 
90.57(3) 
P2-Pd2-
S12 
91.71(3) 
S3-Pd1-
S4 
81.4(1) 
S1-Pd2-
S2 
82.18 
S11-Pd1-
S12 
80.88 
S11-Pd1-
S12 
81.53 
Pd2-S4-
N4 
109.1(3) 
Pd1-S1-
N1 
105.17(9) 
Pd1-S11-
N11 
108.0 
Pd1-S11-
N11 
107.6 
Pd2-S3-
N3 
105.1(3) 
Pd1-S2-
N2 
106.54(9) 
Pd1-S12-
N12 
108.0 
Pd1-S12-
N12 
106.4 
Pd1-S3-
N3 
111.8(3) 
Pd2-S1-
N1 
109.65 
Pd2-S11-
N11 
111.5(1) 
Pd2-S11-
N11 
109.2(1) 
Pd1-S4-
N4 
108.5(3) 
Pd2-S2-
N2 
110.27 
Pd2-S12-
N12 
108.5(1) 
Pd2-S12-
N12 
110.0(1) 
S4-N4-C8 125.6(7) S2-N2-C1 122.2(2) 
S12-N12-
C10 
123.9(2) 
S12-N12-
C10 
125.1(3) 
S3-N3-C8 127.1(7) S1-N1-C1 124.5(2) 
S11-N11-
C10 
125.7(2) 
S11-N11-
C10 
124.4(3) 
[S3-Pd2-
S4]-[ S3-
Pd1-S4] 
105.64 
[S1-Pd1-
S2]-[S1-
Pd2-S2] 
109.78 
[S1-Pd1-
S2]-[S1-
Pd2-S2] 
107.68 
[S1-Pd1-
S2]-[S1-
Pd2-S2] 
108.01 
[Ph]-
[CNSSN] 
20.18 
[Ph]-
[CNSSN] 
28.26 
[Ph]-
[CNSSN] 
10.59 
[Ph]-
[CNSSN] 
15.46 
 
 Chapter 4: Expanding the Family of Dithiadiazolyl Complexes of Group 10 Phosphines   
167 
 
The structures of the Pd3PhCNSSN2(PR3)4 family are all isostructural to one another. 
Pd3(PhCNSSN)2(PBn3)4 and Pd3(PhCNSSN)2(PPh2
iPr)4 crystallize in the triclinic 𝑃1̅ space 
group, as does the original trimetallic complex, Pd3(PhCNSSN)2(PPh3)4. There is half a 
molecule in the asymmetric unit with the central Pd lying on a crystallographic inversion 
centre. Conversely the chelate phosphine complex Pd3(PhCNSSN)2(dppp)2 crystallizes in 
the monoclinic P21/n space group but with the central Pd atom again located on a 
crystallographic inversion centre. Pd3(PhCNSSN)2(PBn3)4 was crystallised as a CHCl3 
solvate, with the CHCl3 H atom forming a hydrogen bond with the CNSSN nitrogen at 
2.16 Å.  Pd3(PhCNSSN)2(PPh2
iPr)4 crystallized as a toluene solvate.  
Within this series of complexes there is evident structural flexibility of the terminal Pd 
atom. While the central Pd atom forms S-Pd-S bond angles of approximately 80° 
independent of the phosphine, the terminal Pd atom shows larger deviations from a 
perfect square planar 90° P-Pd-P angle for bulky phosphines with angles increasing 
proportionally with the Tolman cone angle (PPh3 < PPh2
iPr < PBn3). However, the dppp 
demonstrates a much smaller P-Pd-P angle of approximately 96°, suggesting that 
chelating phosphines are able to restrict the structural flexibility. The chelating 
phosphine also has a slightly shorter and more similar Pd-P bond distances compared to 
the other phosphines, which again is likely due to the chelate having fewer degrees of 
freedom compared to the monodentate phosphines which have the structural flexibility 
adopt a more sterically favourable position in the square planar geometry. The CNSSN 
heterocycle doesn’t undergo any major structural changes compared to the original 
Pd3(PhCNSSN)2(PPh3)4 complex. In all cases the S-S bond is formally cleaved, consistent 
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with oxidative addition to the Pd centre with S···S distances in the range 3.022(1) – 
3.063(1) Å. However it seems that the less bulky PPh3 and dppp show slightly larger S···S 
distances than PPh2
iPr and PBn3.  
4.2.3  Crystal Structures of Pd3(C6F5CNSSN)2(PR3)4 Complexes  
In attempting to observe the effect of sterically hindered and electron withdrawing 
substituents, PhDTDA was substituted for C6F5DTDA and complexes were synthesized 
with monodentate PPh3, PBn3, PPh2
iPr phosphines and dppe and dppp chelating 
phosphines (Figure 4.6). For clarity, Table 4.2 contains selected bond lengths and angles 
of Pd3(C6F5CNSSN)2(PR3)4 (PR3 = PPh3, PPh2
iPr) complexes along with the original 
Pd3(PhCNSSN)2(PPh3)4 complex for comparison, while Table 4.3 contains selected bond 
lengths and angles for chelating phosphine complexes, Pd3(C6F5CNSSN)2(PR3)4 (2 × PR3 = 
dppe and dppp) complexes along with the Pd3(PhCNSSN)2(dppp)2 complex for 
comparison. 
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Figure 4.6: Crystal structures of synthesized Pd3(C6F5CNSSN)2(PR3)4 metal complexes [H 
atoms and solvent molecules omitted for clarity] 
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Table 4.2: Selected bond lengths and angles of Pd3(C6F5CNSSN)2(PR3)4 (PR3 = PPh3, 
PPh2
iPr) and the corresponding Pd3(PhCNSSN)2(PR3)4 complexes for comparison.  
Pd3(PhCNSSN)2(PPh3)4 PPh3 (145°) 
Pd3(PhCNSSN)2(PPh2
iP
r)4 
PPh2
iPr (150°) 
𝑃1̅ P21/c 𝑃1̅ 𝑃1̅ 
Bond Length (Å) 
Pd2-P4 2.344(3) Pd2-P2 2.3379(9) Pd2-P1 2.3387(8) Pd1-P1 2.3288(7) 
Pd2-P2 2.322(3) Pd2-P1 2.332(1) Pd2-P2 2.3325(8) Pd1-P2 2.3370(9) 
Pd2-S4 2.402(4) Pd2-S1 2.3707(9) Pd2-S11 2.3636(8) Pd1-S1 2.3705(9) 
Pd2-S3 2.359(3) Pd2-S2 2.3809(9) Pd2-S12 2.3795(8) Pd1-S2 2.3846(7) 
Pd1-S4 2.345(3) Pd1-S1 2.3408 Pd1-S11 2.3277 Pd2-S1 2.3327 
Pd1-S3 2.332(3) Pd1-S2 2.3387 Pd1-S12 2.3415 Pd2-S2 2.3202 
S4-N4 1.65(1) S1-N1 1.657(3) S11-N11 1.647(3) S1-N1 1.657(3) 
S3-N3 1.63(1) S2-N2 1.659(3) S12-N12 1.653(3) S2-N2 1.668(3) 
C8-N3 1.33(1) C1-N2 1.318(5) C10-N11 1.334(3) C1-N1 1.317(4) 
C8-N4 1.31(1) C1-N1 1.315(5) C10-N12 1.325(4) C1-N2 1.329(5) 
S3···S4 3.0498 S1···S2 3.070(1) S11···S12 3.0288(9) S1···S2 3.058(1) 
Bond Angle (°) 
P2-Pd2-
P4 
102.3(1) 
P1-Pd1-
P2 
105.22(3) 
P1-Pd2-
P2 
102.76(3) 
P1-Pd1-
P2 
103.04(3) 
S3-Pd2-
S4 
79.7(1) 
S1-Pd1-
S2 
80.49(3) 
S11-Pd2-
S12 
79.37(3) 
S1-Pd1-
S2 
80.05(3) 
P4-Pd2-
S4 
89.8(1) 
P1-Pd1-
S1 
86.01(3) 
P1-Pd2-
S11 
87.98(3) 
P1-Pd1-
S11 
88.58(3) 
P2-Pd2-
S3 
90.3(1) 
P2-Pd2-
S2 
88.57(3) 
P2-Pd2-
S12 
90.57(3) 
P2-Pd1-
S12 
88.35(3) 
S3-Pd1-
S4 
81.4(1) 
S1-Pd2-
S2 
81.99 
S11-Pd1-
S12 
80.88 
S1-Pd2-
S2 
82.18 
Pd2-S4-
N4 
109.1(3) 
Pd1-S1-
N1 
107.2 
Pd1-S11-
N11 
108.0 
Pd2-S1-
N1 
109.65 
Pd2-S3-
N3 
105.1(3) 
Pd1-S2-
N2 
108.6 
Pd1-S12-
N12 
108.0 
Pd2-S2-
N2 
110.27 
Pd1-S3-
N3 
111.8(3) 
Pd2-S1-
N1 
111.2(1) 
Pd2-S11-
N11 
111.5(1) 
Pd1-S1-
N1 
105.17(9) 
Pd1-S4-
N4 
108.5(3) 
Pd2-S2-
N2 
108.6(1) 
Pd2-S12-
N12 
108.5(1) 
Pd1-S2-
N2 
106.54(9) 
S4-N4-C8 125.6(7) S2-N2-C1 123.4(3) 
S12-N12-
C10 
123.9(2) S1-N1-C1 124.5(2) 
S3-N3-C8 127.1(7) S1-N1-C1 124.1(3) 
S11-N11-
C10 
125.7(2) S2-N2-C1 122.2(2) 
[S3-Pd2-
S4]-[ S3-
Pd1-S4] 
105.64 
[S1-Pd1-
S2]-[S1-
Pd2-S2] 
105.58 
[S1-Pd1-
S2]-[S1-
Pd2-S2] 
107.68 
[S1-Pd1-
S2]-[S1-
Pd2-S2] 
109.78 
[Ph]-
[CNSSN] 
20.18 
[C6F5]-
[CNSSN] 
85.44 
[Ph]-
[CNSSN] 
10.59 
[C6F5]-
[CNSSN] 
64.29 
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Table 4.3: Selected bond lengths and angles of Pd3(C6F5CNSSN)2(PR3)4 (PR3 = dppe, 
dppp) 
Pd3(PhCNSSN)2(dppp)2 dppe dppp 
P21/n 𝑃1̅ P21/n 
Bond Length (Å) 
Pd2-P1 2.303(1) Pd1-P1 2.275(2) Pd1-P1 2.302(1) 
Pd2-P2 2.301(1) Pd1-P2 2.295(2) Pd1-P2 2.305(1) 
Pd2-S11 2.3716(9) Pd1-S1 2.362(1) Pd1-S1 2.3742(8) 
Pd2-S12 2.360(1) Pd1-S2 2.369(2) Pd1-S2 2.3690(8) 
Pd1-S11 2.3408 Pd2-S1 2.339 Pd2-S1 2.3482 
Pd1-S12 2.3500 Pd2-S2 2.350 Pd2-S2 2.3491 
S11-N11 1.662(3) S1-N1 1.661(6) S1-N1 1.667(3) 
S12-N12 1.656(3) S2-N2 1.667(5) S2-N2 1.665(3) 
C10-N11 1.330(5) C10-N1 1.324(9) C1-N1 1.334(5) 
C10-N12 1.326(5) C10-N2 1.324(9) C1-N2 1.320(4) 
S11···S12 3.063(1) S1···S2 3.096(2) S1···S2 3.087(1) 
  N2-H1S 2.183   
Bond Angle (°) 
P1-Pd2-P2 95.91(4) P1-Pd1-P2 86.45(5) P1-Pd1-P2 94.83(3) 
S11-Pd2-S12 80.69(3) S1-Pd1-S2 81.72(5) S1-Pd1-S2 81.20(3) 
P1-Pd2-S11 91.68(3) P1-Pd1-S1 93.90(5) P1-Pd1-S1 90.56(3) 
P2-Pd2-S12 91.71(3) P2-Pd1-S2 97.67(5) P2-Pd1-S2 93.42(3) 
S11-Pd1-S12 81.53 S1-Pd2-S2 82.61 S1-Pd2-S2 82.16 
Pd1-S11-N11 107.6 Pd1-S1-N1 106.0(2) Pd1-S1-N1 107.5 
Pd1-S12-N12 106.4 Pd1-S2-N2 106.3(2) Pd1-S2-N2 107.0 
Pd2-S11-N11 109.2(1) Pd2-S1-N1 108.2 Pd2-S1-N1 109.2(1) 
Pd2-S12-N12 110.0(1) Pd2-S2-N2 109.0 Pd2-S2-N2 109.6(1) 
S12-N12-C10 125.1(3) S2-N2-C10 124.3(4) S2-N2-C1 123.0(2) 
S11-N11-C10 124.4(3) S1-N1-C10 122.8(4) S1-N1-C1 123.5(2) 
[S1-Pd1-S2]-
[S1-Pd2-S2] 
108.01 
[S1-Pd1-S2]-
[S1-Pd2-S2] 
109.46 
[S1-Pd1-S2]-
[S1-Pd2-S2] 
107.67 
[Ph]-[CNSSN] 15.46 
[C6F5]-
[CNSSN] 
86.62 
[C6F5]-
[CNSSN] 
86.59 
 
The structures of the Pd3(C6F5CNSSN)2(PR3)4 family are isostructural to the 
Pd3(PhCNSSN)2(PR3)4 family, crystallizing in variously monoclinic P21/c , P21/n or triclinic 
𝑃1̅ space groups with the central Pd lying on a crystallographic inversion centre in all 
cases. Pd3(C6F5CNSSN)2(PPh2
iPr)4 crystallised as a CHCl3 solvate, with the CHCl3 H atom 
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forming a hydrogen bond with the CNSSN nitrogen with a C-H···N contact of 2.16 Å, akin 
to Pd3(PhCNSSN)2(PBn3)4. Pd3(C6F5CNSSN)2(dppp)2 also crystallises as a CHCl3 solvate 
with two CHCl3 molecules per metal complex, though none of the CHCl3 hydrogens 
interact with the CNSSN as seen in the other CHCl3-solvated complexes.   
Both Pd3(C6F5CNSSN)2(PPh3)4 and Pd3(C6F5CNSSN)2(PPh2
iPr)4 have almost equivalent 
bond lengths to their PhCNSSN analogues. Only the S—S bond distance demonstrates a 
change within the measure of the standard deviations, with the C6F5CNSSN analogues 
having longer S···S distances than the PhCNSSN ligand. The same phenomenon is found 
in the Pd3(C6F5CNSSN)2(dppe)2 and Pd3(C6F5CNSSN)2(dppp)2 complexes and suggests that 
the electron withdrawing substituent results leads to greater electron transfer from 
metal to ligand. The S···S distances from least to greatest are PPh2
iPr (≈3.06 Å) > PPh3 
(≈3.07 Å) > dppp (≈3.09 Å) > dppe (≈3.10 Å), which does not correlate with the Tolman 
cone angle as it did in the PhCNSSN analogues but seems to show more increase with 
decreasing bite angle.  
The ring twist angles in the C6F5CNSSN family, as predicted, are far greater than those 
observed in the PhCNSSN complexes, with the smallest ring twist in the C6F5CNSSN 
family being 64.29° for the PPh2
iPr complex while the largest ring twist in the PhCNSSN 
family is 28.26° for the PBn3 complex. This is associated with intramolecular N···F 
repulsions within the CNSSN ligand and large twist angles are also observed in 
(C6F5CNSSN)2 and related perfluoroaryl CNSSNs.
13   
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4.2.4  Attempts to Form Pt(RCNSSN)(PR3)2 Complexes by Phosphine 
Substitution 
As mentioned previously, a part of this work done on DTDA metal complexes aimed to 
observe whether new complexes with chelating phosphines could be formed by 
substitution of PPh3 ligands from the Pt(PhCNSSN)(PPh3)2 monometallic complex via the 
chelate effect. Monometallic Pt-CNSSN complexes are long-lived and almost completely 
stable when using chelate phosphines. They are also EPR active with the radical 
delocalizing across the 6 membered metallocycle. As such we looked to see if EPR could 
provide a simple method of determining if substitution occurs by observing changes in 
the 195Pt, 31P and/or 14N coupling constants. 
Initially the monometallic complex Pt(PhCNSSN)(PPh3)2 was prepared in situ by mixing 
an excess of Pt(PPh3)4 with two small crystals (< 1 mg) of (PhCNSSN)2 in an oven dried 
EPR tube, followed by addition of DCM (0.6 mL) to produce a pale blue-green coloured 
solution. An EPR spectrum was collected immediately (Figure 4.7). The initial spectrum is 
indicative of the Pt(PhCNSSN)(PPh3)2,
1 which is labelled as Species 1 (g = 2.0384, 2 x aP = 
2.33 G, 2 x aN = 5.53 G, 1 x aPt = 53.96 G, LW = 3.15 Gpp). However there was another 
unknown species observed concurrently, labelled as Species 2, which appears, by 
simulation, to be a long-lived EPR active Pt complex with asymmetric aP values (g = 
1.9986, 1 x aP1 = 13.38 G, 1 x aP2 = 18.00 G, 1 x aPt = 74.88 G, LW = 2.24 Gpp). The ratio of 
the Pt(PhCNSSN)(PPh3)2 to the unknown species was 27:1, suggesting this is a very 
minor side product of the reaction mixture. 
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Figure 4.7: Second derivative EPR spectrum and simulations of Pt(PhCNSSN)(PPh3)2 
(labelled Species 1) and an unknown Pt species (labelled Species 2)  
(see text for simulation parameters)  
Upon adding dppe to this mixture of Species 1 and Species 2, both species were 
replaced by a new EPR spectrum (Figure 4.8) which demonstrates significant shifts in g, 
aP, and aPt compared to Pt(PhCNSSN)(PPh3)2 consistent with formation of 
Pt(PhCNSSN)(dppe)2 (g = 2.03695, 2 x aP = 3.22 G, 2 x aN = 5.57 G, 1 x aPt = 54.51 G, LW = 
3.74 Gpp). 
3350 3400 3450 3500 3550 3600
Field (G) 
Experimental 
Simulation 
Species1 
Species2 
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Figure 4.8: Second derivative EPR spectrum and simulation of Pt(PhCNSSN)(dppe) 
 
The next species to be attempted in similar fashion was Pt(PhCNSSN)(dppp), whose EPR 
(Figure 4.9) again reveals differences in simulation parameters (g = 2.03830, 2 x aP = 2.93 
G, 2 x aN = 5.56 G, 1 x aPt = 54.44 G, LW = 1.7 Gpp). 
3350 3400 3450 3500 3550 3600
Field (G) 
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Figure 4.9: Second derivative EPR spectrum and simulation of Pt(PhCNSSN)(dppp)  
 
Finally, addition of dppf afforded a new EPR spectrum (Figure 4.10) consistent with 
formation of Pt(PhCNSSN)(dppf) (g = 2.03795, 2 x aP = 2.45 G, 2 x aN = 5.55 G, 1 x aPt = 
54.01 G, LW = 2.85 Gpp). 
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Field (G) 
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Figure 4.10: Second derivative EPR spectrum and simulation of Pt(PhCNSSN)(dppf)  
 
4.3  Discussion 
Initial studies to prepare Pd3(RCNSSN)2(PR3)4 used a stoichiometry of 1.5 
Pd2(dba)3 : 2 RDTDA: 4 PR3, based on the stoichiometry of the trimetallic complex. 
However, it was found that these stoichiometric conditions resulted in almost complete 
decomposition of the Pd2(dba)3 starting material to black Pd metal. Adjusting the 
stoichiometric ratio to 0.5 Pd2(dba)3 : 1 RDTDA : 2 PR3 yielded better results, suggesting 
the reaction proceeded through thermal decomposition of intermediate 
Pd(PhCNSSN)(PR3)2. Nevertheless there was inevitably some decomposition of the 
3350 3400 3450 3500 3550
Field (G) 
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Simulation 
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Pd2(dba)3 to Pd black under microwave conditions and it may be that microwave 
conditions may be too energetic and milder (ambient) conditions might be preferable.  
A second hurdle found in using the Pd2(dba)3 starting material alongside using 
more diverse phosphines is purification due to common solubility. While the complexes 
bearing PPh3 and dppe show limited solubility in toluene, DCM, CHCl3, and no solubility 
in hexanes or ether, the PBn3, PPh2
iPr, and dppp complexes showed a significant 
solubility in toluene, CHCl3, DCM, ether and hexanes. Also complexes of C6F5CNSSN also 
revealed good solubility. This hampered purification and the trimetallic complexes were 
often contaminated with free phosphine or dba impurities. Selective crystallisation 
proved to be the key method for complex purification. In particular, 
Pd3(C6F5CNSSN)2(PBn3)4 was persistently contaminated with PBn3 although successive 
recrystallisation attempts were successful in partially removing the less soluble PBn3.  
The enhanced solubility of these complexes also lowered the overall yield, with only a 
few milligrams of crystals grown for the majority of these complexes. Interestingly once 
these complexes crystallized, the crystalline material was actually more insoluble than 
the raw powder. 
 
4.3.1  Structural Correlations in M3(RCNSSN)2(PR3)4 Complexes 
We initially set out to explore whether changing the phosphine and R group in 
Pd3(RCNSSN)2(PR3)4 complexes would afford new metal complexes or potentially break 
the Pd3S4 cluster. However all the complexes synthesized were isostructural and reveal 
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the preservation of the Pd3S4 cluster. In terms of the Pd3(PhCNSSN)2(PR3)4 family, there 
is some evidence that increasing phosphine steric bulk could afford a breaking of the 
Pd3S4 centre as evidenced by a slight shortening of the S···S distance with increasing 
Tolman cone angle, though there is a significant way to go until this reactivity is 
achieved (cf PhCNSSN S—S bond length of approximately 2.1 Å). With regard to the 
Pd3(C6F5CNSSN)2(PR3)4 family, the large twist angle between C6F5 and CNSSN rings did 
not appear to have any major structural effect on the molecular geometry of the 
trimetallic complex, although the S···S distances were longer than those observed in the 
PhCNSSN analogues. To understand this phenomenon, it is useful to look to the frontier 
molecular orbitals of these trimetallic complexes, as demonstrated by those of 
hypothetical complex Pd3(HCNSSN)2(PH3)4 which are shown in their original form in 
Figure 4.11.2  
 
LUMO (-8.51 eV)  HOMO (-11.41 eV) 
Figure 4.11: The frontier molecular orbitals for Pd3(HCNSSN)2(PH3)4 (reproduced from 
Ref 2) 
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The HOMO of these trimetallic complexes is composed of three metal-centred dz2 
orbitals forming a bonding interaction with sulfur-centred p orbitals whereas the LUMO 
is composed of a metal-ligand anti-bonding MO involving an antibonding interaction of 
the metal dxy orbitals with π-orbitals of DTDA SOMO character. Fluorination of the 
phenyl substituent results in a more electron deficient CNSSN heterocycle,14 enhancing 
π back-bonding to the LUMO which is of S-S antibonding character. Thus enhanced 
back-bonding should lead to an increased S···S separation. With regard to the 
phosphine, the extent of -donation from the phosphine to the metal is sensitive to the 
coordination geometry with geometries closest to square planar affecting optimal 
orbital overlap. Thus geometries closest to square-planar lead to maximum donation to 
Pd which is counter-balanced by additional back-donation to the LUMO of S-S 
antibonding character.  
 
4.3.2  Ligand Exchange Reactions of Pt(PhCNSSN)(PPh3)2  
From the perspective of finding a simple and streamlined synthetic methodology of 
making a diverse family of Pt(RCNSSN) monometallic complexes, it would be of use to 
be able to use Pt(PPh3)4 as a common starting material, thereby only requiring the 
chelating phosphine of interest and substituting the monodentate phosphine in a 
dissociative fashion via the chelate effect. EPR provides a sensitive method to monitor 
such substitution reactions due to the sensitivity of the hyperfine coupling constants to 
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changes in spin density arising from changes in the chemical environment. A summary 
of the combined simulated parameters of the EPR study are shown below in Table 4.4. 
Table 4.4: EPR parameters of Pt(PhCNSSN)(PR3)2 substituted chelate complexes 
Complex 
Bite Angle 
(°)9 
aPt (G) aP (G) aN (G) giso 
dppe 85.03 54.51 3.22 5.57 2.03695 
dppp 91.08 54.44 2.93 5.56 2.03830 
dppf 95.60 54.01 2.45 5.55 2.03795 
PPh3 100.01(7)
4 53.96 2.33 5.53 2.0384 
 
The EPR spectral parameters are all very similar and no clear difference in giso values 
could be determined with 2.037 < g < 2.038.  Similarly, the hyperfine coupling to N is 
also somewhat invariant (5.53 < aN < 5.57). Conversely the variation in hyperfine 
coupling to both Pt (aPt = 0.55 G for the four complexes examined) and P (aP = 0.89 G) 
are more clearly sensitive to the nature of the phosphine. Plots of the hyperfine 
coupling constant vs ‘bite angle’ are shown in Figure 4.12. These reveal a linear 
correlation between bite angle and both aN and aP offering the best correlation (R
2 = 
0.940 and 0.958 respectively). However, aP is likely the best parameter of the two to use 
given that it shows both a strong correlation and a broad range of values, making it 
easier to resolve small changes between similar ligands.  
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Figure 4.12: Correlations between ligand bite angle and hyperfine coupling for 
Pt(PhCNSSN) complexes with chelating phosphines  
 
4.4  Experimental 
4.4.1  General Experimental Procedures 
NMR spectra were recorded on a Bruker UltraShield 300 MHz spectrometer with a 
Broadband AX Probe using CDCl3 (
1H δ = 7.26 ppm, s) as an internal reference point. 31P 
NMR spectra were referenced to 85% H3PO4 (δ = 0 ppm). High Resolution Mass Spectra 
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were recorded on a Waters XEVO G2-XS Time Of Flight (TOF) mass spectrometer using 
either Electrospray Ionization Time of Flight (ESI+-TOF) or Atmospheric Solids Analysis 
Probe (ASAP+), both operated in positive ion mode. Microwave syntheses were carried 
out in sealed vessels using a Biotage Initiator+ microwave with continuous stirring. 
The following reagents were prepared using the procedures reported in literature: 
Pd2dba3·CHCl3,
15 (PhDTDA)2,
16 and (C6F5DTDA)2.
17 
 
4.4.2  Synthesis of Pd3(PhCNSSN)2(PPh3)4 
Pd2(dba)3 (100.00 mg, 0.0966 mmol), PPh3 (101.35 mg, 0.3864 mmol), and PhDTDA 
(35.00 mg, 0.1932 mmol) were combined in an oven-dried 5 mL microwave vial in the 
glovebox. Dry toluene (5 mL) was added and the suspension was heated in the 
microwave for 10 min at 100 °C. The resultant red-orange solid under an orange 
solution was filtered and washed with toluene (3 x 10 mL), ether (3 x 5 mL), and hexanes 
(3 x 10 mL) and dried in air (0.100 g, 66% yield). The solid was recrystallized by slow 
diffusion of Et2O into a saturated CHCl3 solution to produce bright red plate-like crystals 
suitable for X-ray diffraction. 
1H NMR (300 MHz, CDCl3) δ (ppm): 8.29-8.27 (4H, d), 7.42-7.33 (8H, m), 7.25-7.20 (18H, 
s), 7.17-7.12 (10H, t), 7.05-7.00 (14H, t), 6.96-90 (16H, m) 
31P{1H} NMR (121 MHz, CDCl3) δ (ppm): 26.98 (s) 
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HRMS (ESI positive mode) m/z: [M+H]+ calc for C86H70N4P4Pd3S4 1731.0658; found 
1731.0684 (100). 
 
4.4.3  Synthesis of Pd3(PhCNSSN)2(PPh2
iPr)4 
Pd2(dba)3 (100.00 mg, 0.0966 mmol), PPh2
iPr (88.20 mg, 0.3864 mmol), and PhDTDA 
(35.00 mg, 0.1932 mmol) were combined in an oven-dried 5 mL microwave vial in the 
glovebox. Dry toluene (5 mL) was added and the suspension was heated in the 
microwave for 10 min at 100 °C. The microwave vial was allowed to cool down to room 
temperature and was left undisturbed for 18 hours. Deep orange crystals grew on the 
side of the vial with some bright orange solid under an orange solution. The crystals 
were collected manually and washed with toluene (3 x 5 mL) and hexanes (3 x 10 mL) 
and dried under vacuum (0.041 g, 40.20% yield). In subsequent attempts, the bright 
orange solid was recrystallized by slow diffusion of Et2O into a saturated CHCl3 solution 
to produce dark orange crystals suitable for X-ray diffraction. 
1H{31P} NMR (300 MHz, CDCl3) δ (ppm): 8.14-8.12 (4H, d), 7.38-7.06 (38H, m), 6.80-6.77 
(8H, d), 2.51-2.46 (4H, p), 0.81-0.75 (24H, dd) 
31P{1H} NMR (121 MHz, CDCl3) δ (ppm): 32.18 (s) 
HRMS (ESI positive mode) m/z: [M]+ calc for C74H78N4P4S4Pd3 798.0679; found 798.0682 
(100). 
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4.4.4  Synthesis of Pd3(PhCNSSN)2(PBn3)4 
Pd2(dba)3 (100.00 mg, 0.0966 mmol), PBn3 (117.60 mg, 0.3864 mmol), and PhDTDA 
(35.00 mg, 0.1932 mmol) were combined in an oven-dried 5 mL microwave vial in the 
glovebox. Dry toluene (5 mL) was added and the suspension was heated in the 
microwave for 10 min at 100 °C. All components were soluble in toluene, which was 
removed by rotary evaporation. The resultant dark orange solid was washed with 
hexanes (3 x 20 mL) and dried in air (0.235 g). The solid was recrystallized by layering 
Et2O onto a saturated CHCl3 solution with a DCM interface between the two layers to 
produce white needles of PBn3 and red block crystals of Pd3PhCNSSN2(PBn3)4 suitable for 
X-ray diffraction.  
Due to contamination with PBn3 
1H NMR could not be obtained. 
31P{1H} NMR (121 MHz, CDCl3) δ (ppm): 37.20 (s) 
HRMS (ESI positive mode) m/z: [M+H]+ calc for C98H94N4P4S4Pd3 1899.2540; found 
1898.2462 (100). 
 
4.4.5  Synthesis of Pd3(PhCNSSN)2(dppp)2  
Pd2(dba)3 (150.00 mg, 0.1449 mmol), dppp (119.54 mg, 0.2898 mmol), and PhDTDA 
(52.53 mg, 0.2898 mmol) were combined in an oven-dried 5 mL microwave vial in the 
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glovebox. Dry toluene (5 mL) was added and the suspension was heated in the 
microwave for 10 min at 100 °C. The resultant bright red-pink solid under an orange 
solution was filtered and washed with ether (5 x 10 mL) and dried under vacuum (0.132 
g, 91% yield). The now brown solid was recrystallized by layering Et2O onto a CHCl3 
solution to produce bright red plate-like crystals suitable for X-ray diffraction. 
1H{31P} NMR (300 MHz, CDCl3) δ (ppm): 8.36-8.34 (4H, d), 7.52-7.47 (8H, t), 7.39-7.33 
(10H, m), 7.30-7.11 (28H, m) 2.42-2.38 (4H, m), 1.95-1.86 (8H, t) 
31P{1H} NMR (121 MHz, CDCl3) δ (ppm): 6.62 (s) 
HRMS (ESI positive mode) m/z: [M+H]+ calc for C68H63N4P4S4Pd3 1507.0026; found 
1507.0004 (100).  
 
4.4.6  Synthesis of Pd3(C6F5CNSSN)2(PPh3)4 
Pd2(dba)3 (150.00 mg, 0.1449 mmol), PPh3 (152.00 mg, 0.5797 mmol), and C6F5DTDA 
(78.60 mg, 0.2898 mmol) were combined in an oven-dried 5 mL microwave vial in the 
glovebox. Dry toluene (5 mL) was added and the suspension was heated in the 
microwave for 15 min at 100 °C. The resultant pale brown solid under an orange 
solution was filtered and washed with ether (5 x 10 mL) and hexanes (3 x 10 mL) and 
dried under vacuum (0.151 g, 81.62% yield). The brown solid was recrystallized by 
layering Et2O onto a CHCl3 solution to produce bright orange cube-shaped crystals 
suitable for X-ray diffraction. 
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1H NMR (300 MHz, CDCl3) δ (ppm): 7.26-7.11 (46H, m), 7.00-6.98 (24H, d) 
31P{1H} NMR (121 MHz, CDCl3) δ (ppm): 27.03 (s) 
HRMS (ESI positive mode) m/z: [M+H]+ calc for C86H61F10N4P4S4Pd3 1910.9716; found 
1912.9705 (100).  
 
4.4.7  Synthesis of Pd3(C6F5CNSSN)2(dppe)2  
Pd2(dba)3 (150.00 mg, 0.1449 mmol), dppe (115.00 mg, 0.2898 mmol), and C6F5DTDA 
(78.60 mg, 0.2898 mmol) were combined in an oven-dried 5 mL microwave vial in the 
glovebox. Dry toluene (5 mL) was added and the suspension was heated in the 
microwave for 15 min at 100 °C. A dark brown solid under an orange solution was 
filtered off and the toluene was removed by rotary evaporation to yield a solid. The solid 
was re-dissolved in a minimal amount of CHCl3 and precipitated by the rapid addition of 
Et2O to yield a green-yellow solid. This solid was filtered and washed with ether (5 x 10 
mL) and dried under vacuum (0.110 g, 69% yield). The solid was recrystallized by 
layering Et2O onto a CHCl3 solution to produce yellow crystals suitable for X-ray 
diffraction. 
1H NMR (300 MHz, CDCl3) δ (ppm): 7.60-7.54 (4H, m), 7.54-7.33 (26H, m), 7.17-7.09 
(10H, m), 2.70-2.57 (4H, m), 2.35-2.22 (4H, m) 
31P{1H} NMR (121 MHz, CDCl3) δ (ppm): 46.80 (s) 
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HRMS (ESI positive mode) m/z: [M+H]+ calc for C66H49F10N4P4S4Pd3 1658.8770; found 
1658.8739 (100).  
 
4.4.8  Synthesis of Pd3(C6F5CNSSN)2(PPh2
iPr)4  
Pd2(dba)3 (150.00 mg, 0.1449 mmol), PPh2
iPr (132.32 mg, 0.5797 mmol), and C6F5DTDA 
(78.60 mg, 0.2898 mmol) were combined in an oven-dried 5 mL microwave vial in the 
glovebox. Dry toluene (5 mL) was added and the suspension was heated in the 
microwave for 15 min at 100 °C. The reaction yielded a red-orange solution with black 
precipitate at the bottom of the vial. The precipitate was filtered off and the toluene 
was removed by rotary evaporation to yield a red solid soluble in ether and toluene. The 
solid was washed with acetone (5 x 5 mL) and dried under vacuum (0.078 g, 46% yield). 
The brown solid was attempted to be recrystallized by layering Et2O onto a CHCl3 
solution, however no crystals formed. Onto that CHCl3/Et2O solution was layered MeOH, 
which produced bright orange needles suitable for X-ray diffraction. 
1H NMR (300 MHz, CDCl3) δ (ppm): 7.47-7.45 (11H, m), 7.41-7.36 (8H, m), 7.33-7.16 
(14H, m), 6.86-6.81 (7H, t), 2.06-2.04 (4H, m), 0.91-0.85 (12 H, q), 0.82-0.76 (12H, q) 
31P{1H} NMR (121 MHz, CDCl3) δ (ppm): 33.94 (s) 
HRMS (ESI positive mode) m/z: [M+H]+ calc for C74H69F10N4P4S4Pd3 1775.0338; found 
1775.0302 (100).  
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4.4.9  Synthesis of Pd3(C6F5CNSSN)2(PBn3)4  
Pd2(dba)3 (150.00 mg, 0.1449 mmol), PBn3 (176.40 mg, 0.5797 mmol), and C6F5DTDA 
(78.60 mg, 0.2898 mmol) were combined in an oven-dried 5 mL microwave vial in the 
glovebox. Dry toluene (5 mL) was added and the suspension was heated in the 
microwave for 15 min at 100 °C. The reaction yielded a red-orange solution with black 
precipitate at the bottom of the vial. The toluene was removed by rotary evaporation to 
yield a red solid soluble in toluene, ether, acetone, methanol, acetonitrile, chloroform, 
and dichloromethane. The solid was dissolved in minimal CHCl3 and crashed out with 
hexanes and left to dry in air (0.235 g). Attempted recrystallization from a variety of 
solvents and methods failed to provide crystals suitable for X-ray diffraction, except 
crystals of PBn3.  
31P{1H} NMR (121 MHz, CDCl3) δ (ppm): 15.13 (s). Note: sample contaminated with 
O=PBn3 at 44.94 ppm and 40.446 ppm. 
HRMS (ESI+) m/z: [M+H]+ calc for C98H84F10N4P4S4Pd3 2079.1599; found 2080.1553 (100).  
 
4.4.10  Synthesis of Pd3(C6F5CNSSN)2(dppp)2 
Pd2(dba)3 (150.00 mg, 0.1449 mmol), dppp (119.54 mg, 0.2898 mmol), and C6F5DTDA 
(78.60 mg, 0.2898 mmol) were combined in an oven-dried 5 mL microwave vial in the 
glovebox. Dry toluene (5 mL) was added and the suspension was heated in the 
microwave for 15 min at 100 °C. The resultant red/brown solid and orange solution 
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were put into a round bottom flask and the toluene was removed by rotary evaporation. 
The solid material was dissolved in a minimum amount of CHCl3 and crashed out with 
ether. This solid was then filtered and washed with ether (5 x 10 mL) and hexanes (3 x 5 
mL) and dried under vacuum (0.071 g, 44% yield). The pale orange solid was 
recrystallized by the slow diffusion of Et2O into a CHCl3 solution to produce bright 
orange block crystals suitable for X-ray diffraction. 
1H NMR (300 MHz, CDCl3) δ (ppm): 7.46-7.38 (8H, m), 7.32-7.18 (24H, m), 7.05-7.03 (8H, 
d), 2.68-2.63 (4H, m), 2.21 (4H, m), 2.09-2.00 (4H, t) 
31P{1H} NMR (121 MHz, CDCl3) δ (ppm): 7.80 (s) 
HRMS (ESI+) m/z: [M+H]+ calc for C68H62N4P4S4Pd3 1686.9083; found 1686.9016 (100).  
 
 
4.5  Conclusions and Future Work 
In this chapter, complexes of the form Pd3(RCNSSN)2(PR3)4 have been synthesised with 
both PhDTDA and C6F5DTDA and a range of monodentate and chelating phosphines such 
as PPh3, PPh2
iPr, PBn3, dppe, and dppp. These studies revealed that the Pd3S4 core is 
particularly robust in the presence of both sterically demanding phosphines and with 
either the C6H5DTDA or C6F5DTDA radical. Analysis of the S···S distances in these 
complexes suggests that the more electron withdrawing C6F5 enhances back donation to 
the dithiadiazolide ligand, leading to lengthening of the S···S contact. 
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EPR studies on ligand exchange at the paramagnetic monometallic complex 
Pt(PhCNSSN)(PPh3)2 revealed substitution occurred with a range of chelate phosphines. 
In particular the P hyperfine coupling constants show a strong correlation to the P-Pt-P 
chelate bite angle, with the lowest hyperfine coupling values achieved for monodentate 
phosphines.  
The effective use of Pd2dba3 as a starting material for the preparation of palladium 
dithiadiazolide complexes suggests that Pt2dba3 can be similarly used to access a range 
of Pt complexes (both monometallic and trimetallic). Preliminary structural studies 
indicate formation of both Pt3(PhCNSSN)2(PBn3)4 and Pt3(PhCNSSN)2(PPh2
iPr)4 using 
Pt2dba3 as a suitable Pt(0) precursor. It would be interesting to examine phosphines 
with cone angles greater than 165° to investigate whether the Pd3S4 core is maintained 
with such sterically encumbered phosphines such as PtBu3 or P
iPr3.  
Isolation of the monometallic complexes Pt(PhCNSSN)(PR3)2 (where 2 x PR3 = dppf, dppp 
etc) should be undertaken, especially for the redox active dppf which may possess 
interesting electron transfer phenomena akin to other radical-ferrocene compounds.18 
These studies could be extended to harder neutral donors such as chelating 
phenanthroline or bipyridine which could lend photophysical properties to this metal-
radical complex and expand the literature of the new and rapidly expanding field of 
metal-radical fluorescence.19 20, 21 
 
 Chapter 4: Expanding the Family of Dithiadiazolyl Complexes of Group 10 Phosphines   
192 
 
4.6  References 
1. A. J. Banister, I. B. Gorrell, J. A. K. Howard, L. S. E., M. I., L. C. W., R. J. M., T. B. K., 
G. C. I., B. A. J. and F. S. P., J. Chem. Soc., Dalton Trans., 1997, 377-384. 
2. I. May, The Preparation of Dithiadiazoyl and Diselenadiazolyl Complexes of 
Platinum and Palladium, Durham theses, Durham University, 1995. 
3. W. K. Wong, C. Sun, W. Y. Wong, D. Kwong and W. T. Wong, European Journal of 
Inorganic Chemistry, 2000, 2000, 1045-1054. 
4. A. J. Banister, I. B. Gorrell and S. E. Lawrence, J. Chem. Soc., Chem. Commun., 
1994, 1779-1780. 
5. J. D. Wrixon, J. J. Hayward, O. Raza and J. M. Rawson, Dalton Trans., 2013, 43, 
2134-2139. 
6. J. D. Wrixon, J. J. Hayward and J. M. Rawson, Inorg. Chem., 2015, 54, 9384-9386. 
7. J. D. Wrixon, Z. S. Ahmed, M. U. Anwar, Y. Beldjoudi, N. Hamidouche, J. J. 
Hayward and J. M. Rawson, Polyhedron, 2016, 108, 115-121. 
8. C. A. Tolman, Chem. Rev., 1977, 77, 313-348. 
9. P. Dierkes and P. W. N. M. van Leeuwen, J. Chem. Soc., Dalton Trans., 1999, 
1519-1530. 
10. A. W. Adamson, J. Am. Chem. Soc., 1954, 76, 1578-1579. 
11. A. F. Cotton and F. E. Harris, The Journal of Physical Chemistry, 1955, 59, 1203-
1208. 
12. A. E. Martell, Advances in Chemistry, 1967, 272-294. 
13. C. S. Clarke, D. A. Haynes, N. J. B. Smith, A. S. Batsanov, J. A. K. Howard, S. I. 
Pascu and J. M. Rawson, CrystEngComm, 2009, 12, 172-185. 
14. D. A. Haynes and J. M. Rawson, Eur. J. Inorg. Chem., submitted. 
15. Y. Ishii, Annals of the New York Academy of Sciences, 1974, 239, 114-128. 
16. J. M. Rawson, A. J. Banister and I. Lavender, Advances in Heterocyclic Chemistry, 
1995, 62. 
17. S. W. Robinson, D. A. Haynes and J. M. Rawson, CrystEngComm, 2013, 15, 10205-
10211. 
18. I. Ratera, C. Sporer, D. Ruiz-Molina, N. Ventosa, J. Baggerman, A. M. Brouwer, C. 
Rovira and J. Veciana, J. Am. Chem. Soc., 2007, 129, 6117-6129. 
19. Y. Hattori, T. Kusamoto and H. Nishihara, Angew. Chem. Int. Ed., 2015, 54, 3731-
3734. 
20. Y. Hattori, T. Kusamoto, T. Sato and H. Nishihara, Chem. Commun., 2016, 52, 
13393-13396. 
21. Y. Hattori, S. Kimura, T. Kusamoto, H. Maeda and H. Nishihara, Chem. Commun., 
2018, 54, 615-618. 
 
 Appendices  
193 
 
Appendix 1. General Experimental Procedures 
Manipulation of air-sensitive materials was carried out under an atmosphere of dry 
nitrogen using standard Schlenk techniques and a dry-nitrogen glove box (MBraun 
Labmaster). Elemental compositions were determined on a Perkin Elmer 2400 Series II 
CHNS/O Analyzer. NMR spectra were recorded on a Bruker UltraShield 300 MHz 
spectrometer with a Broadband AX Probe using CDCl3 (
1H δ = 7.26 ppm, s) as an internal 
reference point. 31P NMR spectra were referenced to 85% H3PO4 (δ = 0 ppm). High 
Resolution Mass Spectra were recorded on a Waters XEVO G2-XS Time Of Flight (TOF) 
mass spectrometer using either Electrospray Ionization Time of Flight (ESI+-TOF) or 
Atmospheric Solids Analysis Probe (ASAP+), both operated in positive ion mode. 
Microwave syntheses were carried out in sealed vessels using a Biotage Initiator+ 
microwave with continuous stirring. EPR spectra were measured on a Bruker EMXplus X-
band EPR spectrometer. Simulation of the EPR spectra were made using WinSim 
software.1 Density functional theory (DFT) calculations were undertaken using the 
UB3LYP functional and both 6-31G*+ and 6-311G*+ basis sets2-4 within Jaguar.5 
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Appendix 2. Supplementary Crystallographic Information 
A2.1. Crystal data and structure refinement for β-
pClC6F4CNSSN. 
Identification code  pClC6F4DTDA 
Empirical formula  C7 Cl1 F4 N2 S2 
Formula weight  289.11 
Temperature  170(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/c 
Unit cell dimensions a = 15.6107(8) Å a= 90°. 
 b = 20.9274(10) Å b= 
91.975(2)°. 
 c = 14.5039(7) Å g = 90°. 
Volume 4735.5(4) Å3 
Z 20 
Density (calculated) 2.028 Mg/m3 
Absorption coefficient 0.897 mm-1 
F(000) 2834 
Crystal size 0.50 x 0.50 x 0.38 mm3 
Theta range for data collection 2.974 to 28.393°. 
Index ranges -20<=h<=20, -27<=k<=28, -19<=l<=19 
Reflections collected 109942 
Independent reflections 11848 [R(int) = 0.0334] 
Completeness to theta = 25.242° 99.8 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7457 and 0.6659 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 11848 / 21 / 731 
Goodness-of-fit on F2 0.920 
Final R indices [I>2sigma(I)] R1 = 0.0355, wR2 = 0.0911 
R indices (all data) R1 = 0.0484, wR2 = 0.1041 
Extinction coefficient n/a 
Largest diff. peak and hole 0.839 and -0.679 e.Å-3 
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A2.2. Crystal data and structure refinement for β-p-
BrC6F4CNSSN 
Identification code  mo_HEMANBrC6FDTDA_2_0m_a 
Empirical formula  C7 Br F4 N2 S2 
Formula weight  332.12 
Temperature  170(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/n 
Unit cell dimensions a = 7.2487(3) Å a= 90°. 
 b = 16.2492(5) Å b= 90.799(2)°. 
 c = 24.7655(9) Å g = 90°. 
Volume 2916.74(18) Å3 
Z 12 
Density (calculated) 2.269 Mg/m3 
Absorption coefficient 4.686 mm-1 
F(000) 1908 
Crystal size 0.283 x 0.118 x 0.051 mm3 
Theta range for data collection 2.768 to 26.452°. 
Index ranges -9<=h<=9, -20<=k<=20, -30<=l<=30 
Reflections collected 53186 
Independent reflections 5981 [R(int) = 0.0661] 
Completeness to theta = 25.242° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7454 and 0.5521 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5981 / 0 / 433 
Goodness-of-fit on F2 1.005 
Final R indices [I>2sigma(I)] R1 = 0.0265, wR2 = 0.0508 
R indices (all data) R1 = 0.0444, wR2 = 0.0558 
Extinction coefficient n/a 
Largest diff. peak and hole 0.337 and -0.392 e.Å-3 
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A2.3. Crystal data and structure refinement for γ- p-
BrC6F4CNSSN. 
Identification code  Mo_Brgamma_a 
Empirical formula  C7 Br F4 N2 S2 
Formula weight  332.12 
Temperature  170(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  Pbca 
Unit cell dimensions a = 17.6032(10) Å a= 90°. 
 b = 11.1439(5) Å b= 90°. 
 c = 19.8350(10) Å g = 90°. 
Volume 3891.0(3) Å3 
Z 16 
Density (calculated) 2.268 Mg/m3 
Absorption coefficient 4.684 mm-1 
F(000) 2544 
Crystal size 0.190 x 0.160 x 0.070 mm3 
Theta range for data collection 2.949 to 24.754°. 
Index ranges -20<=h<=20, -11<=k<=13, -23<=l<=23 
Reflections collected 40219 
Independent reflections 3325 [R(int) = 0.0925] 
Completeness to theta = 24.754° 99.7 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7451 and 0.6050 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3325 / 0 / 289 
Goodness-of-fit on F2 1.057 
Final R indices [I>2sigma(I)] R1 = 0.0299, wR2 = 0.0504 
R indices (all data) R1 = 0.0529, wR2 = 0.0566 
Extinction coefficient n/a 
Largest diff. peak and hole 0.361 and -0.544 e.Å-3 
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A2.4. Crystal data and structure refinement for p-
IC6F4CNSSN. 
Identification code  iodo_triclinic 
Empirical formula  C7 F4 I N2 S2 
Formula weight  379.11 
Temperature  170(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  Aba2 
Unit cell dimensions a = 8.5313(5) Å a= 90°. 
 b = 20.4878(11) Å b= 90°. 
 c = 11.6808(6) Å g = 90°. 
Volume 2041.66(19) Å3 
Z 8 
Density (calculated) 2.467 Mg/m3 
Absorption coefficient 3.573 mm-1 
F(000) 1416 
Crystal size 0.23 x 0.20 x 0.02 mm3 
Theta range for data collection 3.107 to 27.482°. 
Index ranges -11<=h<=11, -26<=k<=26, -12<=l<=15 
Reflections collected 13437 
Independent reflections 2169 [R(int) = 0.0558] 
Completeness to theta = 25.242° 99.7 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7456 and 0.5752 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2169 / 1 / 146 
Goodness-of-fit on F2 1.045 
Final R indices [I>2sigma(I)] R1 = 0.0278, wR2 = 0.0640 
R indices (all data) R1 = 0.0378, wR2 = 0.0696 
Absolute structure parameter -0.02(4) 
Extinction coefficient n/a 
Largest diff. peak and hole 0.581 and -0.849 e.Å-3 
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A2.5. Crystal data and structure refinement for 
[C6F5CNSSN]2[TEMPO]. 
Identification code 
 mo_HEMNC6F5DTDATEMPO_01m_
a 
Empirical formula  C23 H18 F10 N5 O S4 
Formula weight  698.66 
Temperature  150(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  Fdd2 
Unit cell dimensions a = 18.0668(13) Å a= 90°. 
 b = 17.8339(10) Å b= 90°. 
 c = 17.1439(11) Å g = 90°. 
Volume 5523.8(6) Å3 
Z 8 
Density (calculated) 1.680 Mg/m3 
Absorption coefficient 0.442 mm-1 
F(000) 2824 
Crystal size 0.150 x 0.150 x 0.100 mm3 
Theta range for data collection 3.210 to 24.751°. 
Index ranges -21<=h<=21, -20<=k<=20, -20<=l<=20 
Reflections collected 33214 
Independent reflections 2374 [R(int) = 0.0367] 
Completeness to theta = 24.751° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7451 and 0.7035 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2374 / 53 / 209 
Goodness-of-fit on F2 1.022 
Final R indices [I>2sigma(I)] R1 = 0.0237, wR2 = 0.0602 
R indices (all data) R1 = 0.0259, wR2 = 0.0617 
Absolute structure parameter 0.002(14) 
Extinction coefficient n/a 
Largest diff. peak and hole 0.185 and -0.250 e.Å-3 
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A2.6. Crystal data and structure refinement for 
[C6F5CNSeSeN]2[TEMPO].. 
Identification code  DSDA_TEMPO_a 
Empirical formula  C23 H18 F10 N5 O Se4 
Formula weight  886.26 
Temperature  170(2) K 
Wavelength  1.54178 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 7.5591(3) Å a= 111.179(2)°. 
 b = 13.3243(5) Å b= 93.272(2)°. 
 c = 15.8480(6) Å g = 105.509(2)°. 
Volume 1413.06(10) Å3 
Z 2 
Density (calculated) 2.083 Mg/m3 
Absorption coefficient 7.109 mm-1 
F(000) 850 
Crystal size 0.140 x 0.060 x 0.010 mm3 
Theta range for data collection 3.035 to 65.357°. 
Index ranges -8<=h<=8, -15<=k<=15, -18<=l<=18 
Reflections collected 21629 
Independent reflections 4812 [R(int) = 0.0714] 
Completeness to theta = 65.357° 99.2 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7526 and 0.5581 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4812 / 0 / 392 
Goodness-of-fit on F2 1.044 
Final R indices [I>2sigma(I)] R1 = 0.0397, wR2 = 0.0904 
R indices (all data) R1 = 0.0623, wR2 = 0.1010 
Extinction coefficient n/a 
Largest diff. peak and hole 0.688 and -0.610 e.Å-3 
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A2.7. Crystal data and structure refinement for [p-
ClC6F4CNSSN]2[TEMPO]. 
Identification code 
 cu_HEMANC6F4ClDTDAtempo_2_0
m_a 
Empirical formula  C23 H18 Cl2 F8 N5 O S4 
Formula weight  731.56 
Temperature  170(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P21/c 
Unit cell dimensions a = 13.8072(5) Å a= 90°. 
 b = 15.5026(5) Å b= 101.838(2)°. 
 c = 13.9352(5) Å g = 90°. 
Volume 2919.35(18) Å3 
Z 4 
Density (calculated) 1.664 Mg/m3 
Absorption coefficient 5.425 mm-1 
F(000) 1476 
Crystal size 0.319 x 0.196 x 0.040 mm3 
Theta range for data collection 4.317 to 65.178°. 
Index ranges -15<=h<=16, -18<=k<=18, -16<=l<=16 
Reflections collected 29045 
Independent reflections 4995 [R(int) = 0.0674] 
Completeness to theta = 65.178° 99.8 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7526 and 0.4892 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4995 / 46 / 409 
Goodness-of-fit on F2 0.963 
Final R indices [I>2sigma(I)] R1 = 0.0475, wR2 = 0.1177 
R indices (all data) R1 = 0.0643, wR2 = 0.1308 
Extinction coefficient n/a 
Largest diff. peak and hole 0.578 and -0.454 e.Å-3 
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A2.8. Crystal data and structure refinement for [p-
BrC6F4CNSSN]2[TEMPO]. 
Identification code  mo_HEMANpBrDTDATEMPO_0m_a 
Empirical formula  C23 H18 Br2 F8 N5 O S4 
Formula weight  820.48 
Temperature  170(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/c 
Unit cell dimensions a = 13.0831(10) Å a= 90°. 
 b = 15.9604(12) Å b= 
92.998(2)°. 
 c = 13.8888(11) Å g = 90°. 
Volume 2896.2(4) Å3 
Z 4 
Density (calculated) 1.882 Mg/m3 
Absorption coefficient 3.169 mm-1 
F(000) 1620 
Crystal size 0.342 x 0.237 x 0.034 mm3 
Theta range for data collection 2.937 to 25.411°. 
Index ranges -15<=h<=15, -19<=k<=19, -16<=l<=14 
Reflections collected 26741 
Independent reflections 5327 [R(int) = 0.1151] 
Completeness to theta = 25.242° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7452 and 0.5401 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5327 / 0 / 392 
Goodness-of-fit on F2 1.034 
Final R indices [I>2sigma(I)] R1 = 0.0454, wR2 = 0.0967 
R indices (all data) R1 = 0.0984, wR2 = 0.1234 
Extinction coefficient n/a 
Largest diff. peak and hole 0.607 and -0.850 e.Å-3 
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A2.9. Crystal data and structure refinement for [p-
IC6F4CNSSN]2[TEMPO]. 
Identification code 
 mo_HEMANpIC6F4DTDAtempo_0m_
a 
Empirical formula  C23 H18 F8 I2 N5 O S4 
Formula weight  914.46 
Temperature  170(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/n 
Unit cell dimensions a = 8.3625(5) Å a= 90°. 
 b = 14.4160(7) Å b= 93.636(2)°. 
 c = 25.1628(12) Å g = 90°. 
Volume 3027.4(3) Å3 
Z 4 
Density (calculated) 2.006 Mg/m3 
Absorption coefficient 2.432 mm-1 
F(000) 1764 
Crystal size 0.325 x 0.190 x 0.140 mm3 
Theta range for data collection 2.891 to 29.184°. 
Index ranges -11<=h<=11, -19<=k<=19, -34<=l<=34 
Reflections collected 90861 
Independent reflections 8179 [R(int) = 0.0315] 
Completeness to theta = 25.242° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7458 and 0.6848 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8179 / 0 / 392 
Goodness-of-fit on F2 1.041 
Final R indices [I>2sigma(I)] R1 = 0.0233, wR2 = 0.0490 
R indices (all data) R1 = 0.0329, wR2 = 0.0526 
Extinction coefficient n/a 
Largest diff. peak and hole 0.769 and -1.054 e.Å-3 
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A2.10. Crystal data and structure refinement for [p-
CNC6F4CNSSN]2[TEMPO]. 
Identification code 
 mo_HEMANpCNC6F4DTDAtempo_0
m_a 
Empirical formula  C25 H18 F8 N7 O S4 
Formula weight  712.70 
Temperature  170(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 10.1317(5) Å a= 78.846(2)°. 
 b = 10.3513(6) Å b= 79.511(2)°. 
 c = 15.1380(8) Å g = 72.131(2)°. 
Volume 1469.64(14) Å3 
Z 2 
Density (calculated) 1.611 Mg/m3 
Absorption coefficient 0.409 mm-1 
F(000) 722 
Crystal size 0.450 x 0.120 x 0.077 mm3 
Theta range for data collection 3.153 to 26.447°. 
Index ranges -12<=h<=12, -12<=k<=12, -18<=l<=18 
Reflections collected 72156 
Independent reflections 6031 [R(int) = 0.0487] 
Completeness to theta = 25.242° 99.8 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7454 and 0.7061 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6031 / 0 / 410 
Goodness-of-fit on F2 1.138 
Final R indices [I>2sigma(I)] R1 = 0.0342, wR2 = 0.0804 
R indices (all data) R1 = 0.0491, wR2 = 0.0882 
Extinction coefficient n/a 
Largest diff. peak and hole 0.262 and -0.335 e.Å-3 
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A2.11. Crystal data and structure refinement for 
Pd3(C6F5CNSSN)2(dppe)2. 
Identification code  cu_HEMANPdC6F5dppe_1_0m_a 
Empirical formula  C68 H50 Cl6 F10 N4 P4 Pd3 S4 
Formula weight  1897.14 
Temperature  170(2) K 
Wavelength  1.54178 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 10.816(2) Å = 108.440(10)°. 
 b = 12.372(2) Å = 93.466(13)°. 
 c = 14.472(3) Å  = 98.288(11)°. 
Volume 1806.4(6) Å3 
Z 1 
Density (calculated) 1.744 Mg/m3 
Absorption coefficient 10.532 mm-1 
F(000) 940 
Crystal size 0.167 x 0.085 x 0.076 mm3 
Theta range for data collection 3.240 to 74.615°. 
Index ranges -13<=h<=13, -15<=k<=15, -18<=l<=17 
Reflections collected 31289 
Independent reflections 7320 [R(int) = 0.1118] 
Completeness to theta = 67.679° 99.6 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7538 and 0.5212 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7320 / 33 / 468 
Goodness-of-fit on F2 0.980 
Final R indices [I>2sigma(I)] R1 = 0.0480, wR2 = 0.0953 
R indices (all data) R1 = 0.0895, wR2 = 0.1129 
Extinction coefficient n/a 
Largest diff. peak and hole 0.739 and -0.709 e.Å-3 
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A2.12. Crystal data and structure refinement for 
Pd3(C6F5CNSSN)2(PPh3)4. 
Identification code  cu_HEMANPdC6F5PPh3_0m_a 
Empirical formula  C86 H60 F10 N4 P4 Pd3 S4 
Formula weight  1910.70 
Temperature  170(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P21/c 
Unit cell dimensions a = 11.0218(3) Å a= 90°. 
 b = 16.5325(4) Å b= 93.8190(10)°. 
 c = 21.7615(5) Å g = 90°. 
Volume 3956.53(17) Å3 
Z 2 
Density (calculated) 1.604 Mg/m3 
Absorption coefficient 7.807 mm-1 
F(000) 1912 
Crystal size 0.120 x 0.120 x 0.120 mm3 
Theta range for data collection 3.360 to 68.504°. 
Index ranges -13<=h<=13, -16<=k<=19, -24<=l<=26 
Reflections collected 69832 
Independent reflections 7259 [R(int) = 0.0693] 
Completeness to theta = 67.679° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7531 and 0.5818 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7259 / 0 / 502 
Goodness-of-fit on F2 1.027 
Final R indices [I>2sigma(I)] R1 = 0.0320, wR2 = 0.0739 
R indices (all data) R1 = 0.0403, wR2 = 0.0770 
Extinction coefficient n/a 
Largest diff. peak and hole 1.061 and -0.785 e.Å-3 
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Crystal data and structure refinement for 
Pd3(C6F5CNSSN)2(dppp)2. 
Identification code  mo_HEMANPdC6F5dppp_0m_a 
Empirical formula  C70 H54 Cl6 F10 N4 P4 Pd3 S4 
Formula weight  1925.19 
Temperature  170(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/n 
Unit cell dimensions a = 14.0012(5) Å a= 90°. 
 b = 14.7801(4) Å b= 107.8570(10)°. 
 c = 18.5705(7) Å g = 90°. 
Volume 3657.8(2) Å3 
Z 2 
Density (calculated) 1.748 Mg/m3 
Absorption coefficient 1.222 mm-1 
F(000) 1912 
Crystal size 0.182 x 0.166 x 0.065 mm3 
Theta range for data collection 2.988 to 27.143°. 
Index ranges -17<=h<=17, -18<=k<=18, -23<=l<=23 
Reflections collected 104012 
Independent reflections 8070 [R(int) = 0.0582] 
Completeness to theta = 25.242° 99.8 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7455 and 0.6874 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8070 / 6 / 461 
Goodness-of-fit on F2 1.132 
Final R indices [I>2sigma(I)] R1 = 0.0341, wR2 = 0.0747 
R indices (all data) R1 = 0.0511, wR2 = 0.0867 
Extinction coefficient n/a 
Largest diff. peak and hole 1.008 and -1.036 e.Å-3 
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A2.13. Crystal data and structure refinement for 
Pd3(C6F5CNSSN)2(PPh2
i
Pr)4. 
Identification code  mo_HEMANPdC6F5PPh2iPr_0m_a 
Empirical formula  C76 H70 Cl6 F10 N4 P4 Pd3 S4 
Formula weight  2013.38 
Temperature  170(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 11.1002(5) Å a= 74.404(2)°. 
 b = 13.1137(6) Å b= 83.105(2)°. 
 c = 15.3233(6) Å g = 71.984(2)°. 
Volume 2041.41(16) Å3 
Z 1 
Density (calculated) 1.638 Mg/m3 
Absorption coefficient 1.099 mm-1 
F(000) 1008 
Crystal size 0.300 x 0.180 x 0.147 mm3 
Theta range for data collection 2.819 to 27.980°. 
Index ranges -14<=h<=14, -17<=k<=17, -20<=l<=20 
Reflections collected 65201 
Independent reflections 9803 [R(int) = 0.0738] 
Completeness to theta = 25.242° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7456 and 0.6708 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9803 / 0 / 488 
Goodness-of-fit on F2 1.057 
Final R indices [I>2sigma(I)] R1 = 0.0342, wR2 = 0.0654 
R indices (all data) R1 = 0.0641, wR2 = 0.0779 
Extinction coefficient n/a 
Largest diff. peak and hole 1.379 and -0.862 e.Å-3 
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A2.14. Crystal data and structure refinement for 
Pd3(PhCNSSN)2(PBn3)4. 
Identification code  mo_HEMANPdPBn_0m_b 
Empirical formula  C102 H98 Cl12 N4 P4 Pd3 S4 
Formula weight  2376.56 
Temperature  170(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 14.247(2) Å a= 107.174(8)°. 
 b = 14.854(2) Å b= 111.067(7)°. 
 c = 15.344(3) Å g = 106.995(8)°. 
Volume 2589.7(8) Å3 
Z 1 
Density (calculated) 1.524 Mg/m3 
Absorption coefficient 1.015 mm-1 
F(000) 1204 
Crystal size 0.298 x 0.169 x 0.065 mm3 
Theta range for data collection 2.822 to 26.440°. 
Index ranges -17<=h<=17, -18<=k<=18, -19<=l<=19 
Reflections collected 57263 
Independent reflections 10646 [R(int) = 0.0650] 
Completeness to theta = 25.242° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7454 and 0.6564 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 10646 / 0 / 583 
Goodness-of-fit on F2 1.047 
Final R indices [I>2sigma(I)] R1 = 0.0307, wR2 = 0.0617 
R indices (all data) R1 = 0.0571, wR2 = 0.0722 
Extinction coefficient n/a 
Largest diff. peak and hole 1.252 and -0.642 e.Å-3 
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A2.15. Crystal data and structure refinement for 
Pd3(PhCNSSN)2(dppp)2. 
Identification code  mo_HEMANPdPhdppp_0m_a 
Empirical formula  C68 H62 N4 P4 Pd3 S4 
Formula weight  1506.53 
Temperature  170(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/n 
Unit cell dimensions a = 14.3002(9) Å a= 90°. 
 b = 14.7740(9) Å b= 99.865(2)°. 
 c = 15.6371(10) Å g = 90°. 
Volume 3254.8(4) Å3 
Z 2 
Density (calculated) 1.537 Mg/m3 
Absorption coefficient 1.091 mm-1 
F(000) 1520 
Crystal size 0.431 x 0.261 x 0.176 mm3 
Theta range for data collection 2.892 to 26.449°. 
Index ranges -17<=h<=17, -18<=k<=18, -19<=l<=19 
Reflections collected 198027 
Independent reflections 6705 [R(int) = 0.0350] 
Completeness to theta = 25.242° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7454 and 0.7048 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6705 / 0 / 376 
Goodness-of-fit on F2 1.309 
Final R indices [I>2sigma(I)] R1 = 0.0411, wR2 = 0.0767 
R indices (all data) R1 = 0.0545, wR2 = 0.0918 
Extinction coefficient n/a 
Largest diff. peak and hole 1.517 and -0.878 e.Å-3 
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A2.16. Crystal data and structure refinement for 
Pd3(PhCNSSN)2(PPh2
i
Pr)4. 
Identification code  mo_HEMNPdPPh2iPr_0m_a 
Empirical formula  C95 H102 N4 P4 Pd3 S4 
Formula weight  1871.12 
Temperature  170(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 11.4663(6) Å a= 76.279(2)°. 
 b = 14.3781(8) Å b= 89.664(2)°. 
 c = 14.5840(7) Å g = 69.802(2)°. 
Volume 2184.5(2) Å3 
Z 1 
Density (calculated) 1.422 Mg/m3 
Absorption coefficient 0.828 mm-1 
F(000) 962 
Crystal size 0.158 x 0.081 x 0.079 mm3 
Theta range for data collection 2.852 to 27.161°. 
Index ranges -14<=h<=14, -18<=k<=18, -18<=l<=18 
Reflections collected 55066 
Independent reflections 9677 [R(int) = 0.0663] 
Completeness to theta = 25.242° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7455 and 0.6981 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9677 / 26 / 491 
Goodness-of-fit on F2 1.010 
Final R indices [I>2sigma(I)] R1 = 0.0354, wR2 = 0.0772 
R indices (all data) R1 = 0.0582, wR2 = 0.0852 
Extinction coefficient n/a 
Largest diff. peak and hole 2.236 and -0.914 e.Å-3 
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